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INTRODUCTION 


Approximately  50  %  of  breast  cancer  patients  with  estrogen  receptor  a  (ERa)  -positive  tumors 
respond  to  antiestrogen  therapy  (1).  Since  expression  of  progesterone  receptor  (PgR)  is  dependent  on 
ERa  activity,  further  selection  of  patients  for  ERa-positive  and  PgR-positive  tumors  enhances  the  breast 
cancer  hormonal  therapy  response  rate  to  nearly  80  %  (2).  Estrogen-related  receptor  a  (ERRa),  an 
orphan  nuclear  receptor  that  shares  significant  sequence  identity  with  ERa  and  ERp  but  does  not  bind 
estrogens  (3),  has  been  shown  by  my  research  group  (4,  5)  and  others  (6-9)  to  bind  and  activate 
transcription  through  estrogen  response  elements  (EREs)  and  extended  steroid  receptor  half-sites 
previously  identified  as  steroidogenic  factor  1  (SF-1)  response  elements  (SFREs).  Recently,  ERa  has 
been  shown  to  activate  transcription  through  SFREs  as  well  as  EREs  (9).  My  research  group  [Fig.  5; 
O’Reilly,  Ariazi,  and  Mertz,  in  preparation;  (4)]  and  Yang  et  a/. (10)  have  also  demonstrated  that  E^a 
can  interact  via  direct  protein-protein  contacts  with  ERa.  Hence,  there  are  several  mechanisms  whereby 
ERRa  may  modulate  estrogen  responsiveness  through  modulating  or  substituting  for  ERa  activities, 
making  it  a  plausible  candidate  for  a  novel  breast  cancer  prognosticator  and  target  for  therapy. 

The  goals  of  this  Post-doctoral  Fellowship  are:  (i)  to  ascertain  alterations  which  regulate  ERRa 
activities  and  if  these  alterations  impact  the  etiology  of  some  breast  cancers;  (ii)  to  determine  if  ERRa 
impacts  the  phenotype  of  hormone-responsive  and  non-responsive  breast  tumor  cells;  and  (iii)  to 
elucidate  the  possible  mechanism(s)  by  which  ERRa  modulates  the  transcriptional  regulation  of 
estrogen-responsive  genes  implicated  in  breast  cancer. 
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BODY 


Specific  Aim  I  -  To  test  whether  alterations  in  expression,  RNA  splicing,  phosphorylation  status, 
subcellular  localization,  or  mutations  in  ERRa  significantly  correlate  with  the  development  of 
some  hreast  cancers.  (A)  Assays  will  he  developed  with  human  mammary  carcinoma  MCF-7  cell 
derivatives  in  Aim  II  to  characterize  ERRa  RNA  and  protein  abundance,  possible  splicing 
variants,  possible  phosphorylation  isoforms,  subcellular  localization,  and  possible  mutations.  (B) 
These  assays  vrill  be  used  to  characterize  clinical  ERa-positive  primary  breast  carcinomas  for 
ERRa.  (C)  Additionally,  ERa-positive/tamoxifen-resistant  breast  tumors  vyill  be  examined  for 
ERRa  RNA  expression,  splicing  variants,  and  possible  mutations. 

Task  1.  To  test  whether  alterations  in  ERRa  significantly  correlate  with  the  development  of 
clinical  ERa-positive  primary  breast  carcinomas  and  ERa-positive/tamoxifen-resistant  breast 
tumors  (months  1-36) 

Patients  with  breast  tumors  that  express  ERa  have  an  improved  prognosis  relative  to  patients 
with  ERa-negative  breast  tumors  (1,2,  11).  Given  that  ERa  and  ERRa  share  multiple  biochemical 
activities  including  binding  to  many  of  the  same  transcriptional  response  elements  to  modulate  estrogen 
responsiveness,  I  hypothesize  that  typing  breast  tumors  for  ERRa  levels  could  further  improve  ERa’s 
prognostic  value. 

Task  1  A.  Develop  assays  with  breast  cancer  cell  lines  to  look  for  alterations  in  ERRa  (months  1-12). 

Development  of  real-time  quantitative  polymerase  chain  reaction  (PCR)  assays. 

To  begin  to  test  whether  ERRs  are  involved  in  breast  carcinogenesis  through  modulation  of 
estrogen  responsiveness,  I  initially  determined  whether  ERRs  themselves  are  estrogen-responsive  genes. 
I  also  investigated  whether  breast  carcinomas  exhibit  differences  in  expression  of  OlRs  relative  to 
normal  mammary  epithelial  cells  and  whether  expression  levels  of  these  genes  among  the  tumors 
correlate  with  ER  and  PgR  status  and  clinical  properties  indicative  of  tumor  aggressiveness.  To  measure 
expression  of  ERRa,  ERRp,  ERRy,  ERa,  ERp,  and  PgR,  real-time  quantitative  PCR  assays  were 
developed.  In  these  assays,  continuous  measurement  of  fluoresence  due  to  specific  complex  formation 
of  Sybr  Green  I  with  double-stranded  PCR  products  versus  single-stranded  DNA  facilitates  accurate  and 
sensitive  quantitation  of  initial  mRNA  molar  amounts  (12-14).  My  assays  were  developed  using  an  ABI 
7700  sequence  detection  system  (Applied  Biosystems).  Because  PCR  efficiency  decreases  with 
increasing  number  of  cycles  due  to  limiting  polymerase,  nucleotides,  and  primers,  the  critical  parameter 
recorded  in  the  real-time  PCR  assay  is  the  threshold  cycle  (Ct),  i.e.,  the  cycle  (measured  to  a  fractional 
value  of  the  1  minute  extension  phase  of  the  PCR)  when  PCR  products  are  initially  detected  over 
background  fluorescence.  Background  fluorescence  levels  are  determined  from  the  signal  intensity  of 
no-template  control  reactions.  Spectral  compensation  of  signal  intensity  differences  among  sample  wells 
is  accomplished  by  the  inclusion  of  ROX,  a  fluorescent  reporter  dye,  in  the  enzyme  reaction  bufer 
(Perkin  Elmer).  In  my  real-time  PCR  assays,  each  transcript’s  initial  copy  number  in  an  unknown 
sample  was  calculated  based  on  regression  analysis  of  its  corresponding  Ct  standard  curve,  which  was 
generated  by  serial  dilutions  covering  6  logs  of  known  starting  amounts  of  the  target  template  in  every 
experiment.  PCR  primers  were  optimized  for  high  efficiency,  i.e.,  product  size  smaller  than  125  bp  and 
no  spurious  bands.  All  RNA  samples  were  pre-treated  with  DNase  to  eliminate  contaminating  cellular 
DNA.  To  minimize  non-specific  product  amplification,  the  real-time  PCR  assays  employed  AmpliTaq 
Gold  (Perkin  Elmer),  a  chemically  modified  form  of  Taq  polymerase  that  is  completely  inactive  at  room 
temperature  and  requires  an  initial  10-minute  heat  activation  step  at  95°  C;  thus,  the  use  of  this  enzyme 
results  in  an  automatic  “hot  start”.  Specific  PCR  products  were  verified  by  analysis  of  DNA  melting 
curves  (15).  To  control  for  variability  in  RNA  integrity  and  cDNA  synthesis  efficiency,  assays  were 
normalized  to  the  estradiol  (E2)-independent  36B4  gene,  previously  identified  as  the  acidic  ribosomal 
phosphoprotein  PO  gene  (16). 

Effects  of  estrogens  and  antiestrogens  on  expression  of  ERRs. 

Because  the  effects  of  estrogens  and  antiestrogens  on  ERa  and  PgR  mRNA  expression  in  MCF- 
7  cells  are  well  documented,  I  used  this  model  system  to  develop  and  verify  my  real-time  quantitative 
PCR  assays  (Fig.  1).  I  found,  as  expected,  that  E2  repressed  ERa  expression  while  it  induced  PgR 
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expression  (17-20).  Also  expected,  the  partial  antiestrogen  4-hydroxy  tamoxifen  (40HT)  did  not 
significantly  affect  ERa  expression  (20),  though  it  increased  PgR  expression  to  a  lesser  degree  than  E2, 
likely  because  40HT  does  not  block  ERa’s  AF-1  transactivation  domain  (21,  22).  The  complete 
antiestrogen  ICI-1 82780  treatment  increased  ERa  mRNA  expression  and  did  not  change  PgR 
expression.  Taken  together,  these  data  demonstrate  that  the  real-time  quantitative  PCR  assays  are 
working  properly. 

Interestingly,  I  found  that  E2  significantly  induced,  while  40HT  probably  repressed  ERRa 
mRNA  expression.  Induction  of  ERRa  mRNA  levels  by  the  synthetic  estrogen  diethylstilbestrol  (DES) 
has  been  independently  confirmed  in  murine  endometrium  in  vivo  (23).  Thus,  ERRa  is  responsive  to 
estrogens.  Given  that  ERs  and  ERRs  bind  both  EREs  and  SFREs  [see  Figs.  3,  9  and  1 1  below;  (4,  8,  9)], 
my  finding  that  the  ERRa/ERa  ratio  changed  45-fold  with  E2  treatment  relative  to  the  control 
conditions  is  especially  important.  This  dramatic  change  in  the  ERRa/ERa  ratio  could  lead  to 
significant  changes  in  response  element  occupancy  which  could,  in  turn,  modulate  estrogen 
responsiveness.  In  support  of  this  hypothesis  is  my  finding  in  transient  transfection  assays  that  an 
increase  in  the  ERRa/ERa  ratio  in  MCF-7:WS8  cells  leads  to  antagonism  of  E2-stimulated  transcription 
(see  Fig.  6B  below).  Thus,  the  increased  ERRa/ERa  molar  ratio  that  occurs  in  E2-treated  cells  may  lead 
to  antagonism  of  endogenous  estrogen-responsive  gene  transcription,  thereby  acting  as  a  negative 
feedback  on  regulation  of  E2  signaling.  I  also  found  that  the  ERRa  and  ERa  mRNAs  were  present  at 
comparable  levels  in  MCF-7:WS8  cells,  while  ERp  and  ERRP  mRNA  levels  were  very  low  (data  not 
shown).  The  finding  of  very  low  ERp  levels  is  also  consistent  with  an  independent  report  (24),  further 
validating  the  real-time  PCR  assays. 

Screening  for  ERRa  tnRNA  splice-variants  and  mutations  in  cell  lines. 

Many  variant  ERa  mRNAs  arising  from  alternative  splicing  (25-28)  and  mutations  (29-33)  have 
been  identified  in  breast  carcinomas  and  postulated  to  be  involved  in  the  development  of  the  disease.  To 
determine  whether  some  breast  carcinomas  contain  ERRal  mRNA  splice-variants  as  evidenced  by 
changes  in  the  size  of  ERRa  cDNA  fragments,  a  series  of  twelve  overlapping  reverse  transcriptase 
(RT)-PCR  primers  were  designed  spanning  ERRal’s  5’  untranslated  region  (UTR)  and  its  complete 
open  reading  frame  (ORF).  These  primer  sets  span  exon-intron  junctions  to  prevent  the  amplification  of 
potential  contaminating  genomic  DNA.  The  RT-PCR  primers  were  used  in  various  combinations  to 
amplify  ERRal’s  5’  UTR  and  ORF  in  six  overlapping  ~350-bp  cDNA  fragments  and  to  amplify  its 
entire  ORF  in  a  single  1325-bp  fi-agment.  Initially,  I  tested  my  RT-PCR  assays  with  established 
mammary  cell  lines.  I  found  that  ERRal  mRNA  is  expressed  and  its  structure  is  normal  in  ERa-positive 
MCF-7:WS8,  MCF-7:5C  and  T47D  cells,  and  ERa-negative  MDA-MB-468  and  MDA-MB-231  cells 
(data  not  shown).  However,  ERRal  mRNA  abundance  appeared  lower  in  MDA-MB-231  eells 
compared  to  the  other  cell  lines.  I  also  examined  these  cell  lines  for  ERRa2  mRNA  using  a  primer  that 
anneals  to  its  unique  5’  region.  An  ERRa2-specific  cDNA  fragment  of  correct  size  was  amplified  in  3  of 
the  4  mammary  cell  lines;  interestingly,  the  MDA-MB-231  cells  were  devoid  of  ERRa2  mRNA  (data 
not  shown).  As  a  control  for  cDNA  integrity,  I  confirmed  the  presence  of  36B4  mRNA  in  all  of  the  cell 
lines.  Thus,  ERRa  mRNA  abundance  is  low  in  at  least  one  ERa-negative  mammary  carcinoma  cell  line. 

To  identify  mutations  in  ERRa  and  to  discern  the  fine  structure  of  alternatively  spliced  ERRa 
mRNA  speeies,  I  have  developed  automated  sequencing  protocols  using  these  same  series  of  diagnostic 
ERRa  mRNA  RT-PCR  primer  sets.  Automated  DNA  sequencing  equipment  is  readily  available  as  a 
core  facility  at  the  McArdle  Laboratory.  Initially,  the  sequencing  protocols  were  developed  using 
cDNAs  derived  from  normal  mammary  gland  and  uterine  tissues.  I  found  a  3-bp  insertion  (CAG) 
between  nucleotides  745  and  746  that  introduces  an  additional  Gin  amino  acid  relative  to  the  ERRa 
sequence  deposited  in  Genbank  by  C.T.  Teng’s  research  group  [Accession  No.  L38487;  (10)].  The 
insertion  of  3  bases  in  ERRa  has  been  independently  confirmed  (34).  Additionally,  I  have  sequenced 
and  confirmed  the  3-base  CAG  insertion  in  ERRa  fi'om  the  same  endometrial  RL95-2  eells  that  C.T. 
Teng’s  group  used  to  determine  ERRa’s  sequence.  Furthermore,  I  sequenced  ERRa  from  MCF-7:WS8, 
MCF-7;5C,  T47D,  MDA-MB-231,  MDA-MB-468,  and  HeLa  cells,  always  finding  the  same  3-base 
insertion.  Accordingly,  it  is  likely  the  3-base  CAG  insertion  exists  in  the  wild-type  ERRa  sequence. 

Development  of  ligand  affinity-purified  polyclonal  anti-ERRa  antibodies. 
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I  needed  ERRa-specific  antisera  to  be  able  to  examine  breast  tissues  for  ERRa  protein 
expression  by  immunohistochemistry  (IHC)  as  proposed  in  above  and  to  identify  definitively  and  to 
characterize  ERRa-binding  sites  as  proposed  in  Revised  Aim  III  A.  Because  the  lab  group’s  previous  a- 
GST-ERRal  17-329  antibody  interfered  with  ERRa’s  ability  to  bind  DNA  in  EMSAs  [see  Fig.  3;  (4)],  I 
raised  new  anti-ERRa  antibodies.  ERRa  amino  acid  sequences  were  evaluated  for  predicted 
antigenicity,  hydropathy,  and  surface  exposure  using  the  Protean  program  of  the  DNASTAR 
bioinformatics  package  (Madison,  WI).  Basic  local  alignment  search  tool  (BLAST)  analyses  (35) 
allowed  further  selection  of  candidate  immunogenic  peptides;  queries  showing  an  exact  sequence  match 
with  only  ERRa  and  not  other  family  members  were  chosen.  The  amino  acid  sequences  were  each 
synthesized  in  the  form  of  multiple  antigen  peptides  (MAPs)  or  eight  peptide  copies  attached  to  a  non- 
immunogenic  polylysine  core  and  used  to  immunize  New  Zealand  white  male  rabbits.  Polyclonal 
antibodies  were  ligand-affinity  purified  from  the  collected  rabbit  serum  using  sepharose  columns 
coupled  to  each  immunizing-ERRa  MAP  and  given  designations  corresponding  to  the  respective 
location  of  the  immunizing  peptide:  anti-ERRa li 8-32,  anti-ERRa  1 49.66,  and  anti-ERRa23i.45,  the  last  of 
which  is  specific  to  the  unique  N-terminal  region  in  ERRa2.  The  anti-ERRa  1 49-66  antibodies  were  found 
to  be  suitable  for  Western  blotting  applications  (Fig.  2)  and  immunoshifting  E^a-DNA  complexes  in 
EMSAs  (Fig.  3). 

Studies  on  ERRa  phosphorylation  and  development  of  monoclonal  anti-ERRa  phosphospecific 
antibodies  are  discussed  in  Task  2C. 

Task  IB.  Examine  primary  ERa-positive  breast  carcinomas  (months  2-24). 

Expression  of  ERRs  in  breast  tissues  and  correlations  with  clinicopathological  factors. 

ERa  levels  are  usually  low  in  normal  mammary  epithelium  and  high  in  breast  tumor  cells  (36- 
41).  This  alteration  in  ERa  expression  is  likely  an  important  etiologic  event  in  breast  carcinogenesis 
[reviewed  in  (42)].  Thus,  I  examined  clinical  breast  tumors  and  normal  mammary  epithelial  cells 
(MECs)  for  expression  of  nuclear  receptor  mRNAs  to  confirm  that  my  assays  detect  this  change  in  ERa 
expression  and  to  test  whether  expression  of  ERRs  is  also  altered  between  these  tissues.  The  breast 
carcinomas  were  obtained  firom  the  National  Breast  Tissue  Resource  (SPORE)  at  The  Baylor  College  of 
Medicine  through  Dr.  Gary  Clark  in  a  blinded  fashion  regarding  clinical  breast  tumor  properties, 
including  ER  and  PgR  status  as  measured  by  biochemical  ligand-binding  assays  (ER-LB  and  PgR-LB, 
respectively),  and  cellular  S-phase  fraction  and  DNA  ploidy  as  determined  by  flow  cytometry  analysis. 
For  my  preliminary  experiments,  I  used  as  a  control  normal  MECs  derived  from  mammoplastic 
reduction  surgeries  obtained  from  the  University  of  Wisconsin-Madison  through  Dr.  Colin  Jefcoate. 
Because  it  is  technically  very  difficult  to  isolate  high  quality  RNA  from  such  a  fatty  tissue,  bulk 
mammary  gland  tissue  was  enzymatically  dispersed  with  collagenase  and  subjected  to  differential 
centrifugation  to  enrich  and  collect  MECs.  Dr.  Jefcoate’s  lab  supplied  us  with  MECs  after  expansion  in 
culture  for  a  single  passage  under  defined  culture  conditions  that  supported  the  outgrowth  of  both 
luminal  and  basal  MECs  (43,  44). 

Using  the  real-time  quantitative  PCR  assays,  I  have  determined  to  date  expression  levels  of  ERa, 
PgR,  ER(3,  ERRa,  and  ERRp  in  a  small  panel  of  8  clinical  random  primary  breast  carcinomas  and 
normal  MECs  derived  from  3  individual  mammoplastic  reductions  (Fig.  4).  I  evaluated  whether  a  given 
gene’s  mRNA  expression  levels  were  significantly  different  in  normal  MECs  as  a  group  compared  to  the 
breast  carcinomas  as  a  group  using  the  Wilcoxon  non-parametric  two-sided  rank  sum  test  (45).  I  found 
ERa  levels  were  significantly  higher  (p=0.01),  while  ERP  levels  were  significantly  lower  ^=0.05)  in 
breast  earcinomas  compared  to  normal  MECs.  My  findings  are  consistent  with  previous  reports  that 
ERa  mRNA  levels  are  significantly  higher  (36)  and  ERp  levels  are  significantly  lower  in  breast 
carcinomas  than  normal  mammary  glands  (37, 46,  47),  though  ERp  is  sometimes  co-expressed  with 
ERa  in  breast  tumors  (48)  albeit  at  much  lower  levels  than  ERa  (49).  Thus,  my  real-time  PCR  assays 
again  show  expected  results. 

I  also  found  that  ERRa  (p=0.02)  and  ERRp  (p=0.01)  were  significantly  lower  in  breast 
carcinomas  relative  to  normal  MECs  by  the  Wilcoxon  rank  sum  test.  These  significant  differences  in 
expression  of  ERRa  and  ERRP  suggest  that  these  receptors  may  also  be  involved  in  the  development  of 
breast  cancer.  Of  potential  importanee,  the  ERRa/ERa  ratio  was  quite  significantly  lower  in  breast 
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carcinomas  relative  to  MECs  [22-fold  (p=0.01)  comparing  means;  48-fold  comparing  medians].  This 
large  difference  in  the  relative  ratio  of  these  two  receptors  probably  has  important  implications  in 
estrogen  responsiveness  since,  as  discussed  above,  it  is  likely  that  the  ERRa/ERa  ratio  largely 
determines  which  receptor  preferentially  occupies  EREs  and  SFREs.  Thus,  many  sites  usually  occupied 
by  ERRa  in  normal  mammary  epithelium  may  be  primarily  occupied  by  ERa  in  breast  carcinomas, 
thereby  resulting  in  differential  expression  of  these  estrogen-responsive  genes.  I  will  test  further  whether 
ERRa  and  the  ERRa/ERa  ratio  are  significantly  lower  in  breast  carcinomas  than  MECs.  Even  though 
the  MECs  used  here  retain  expression  of  differentiation  markers  (43),  it  is  possible  that  their  gene 
expression  profiles  do  not  fully  reflect  the  gene  expression  profiles  of  MECs  in  vivo  due  to  their  having 
been  expanded  through  a  single  cell-culture  passage.  Hence,  I  will  use  in  my  future  studies  normal 
MECs  enymatically  dispersed  from  bulk  mammary  gland  tissues,  but  not  expanded  in  culture. 

Next,  I  assessed  for  the  carcinomas  whether  correlations  existed  between  mRNA  levels  of  each 
nuclear  receptor  and  any  previously  determined  clinicopathological  factors.  I  were  unblinded  to  the 
breast  tumors’  clinical  biomarkers  following  the  completion  of  my  assays.  The  non-parametric 
Spearman’s  Rank  Correlation  Coefficient,  designated  ps  (Spearman’s  rho)  (45),  was  used  as  a  measure 
of  relationships  between  breast  carcinoma  properties  and  niRNA  levels  of  each  gene.  Absolute  values  of 
Ps  near  1  or  0  indicate  a  strong  or  weak  correlation,  respectively,  while  the  sign  indicates  a  positive  or 
negative  relationship.  Because  the  DNA  ploidy  data  were  in  the  form  of  dichotomous  observations, 
tumors  containing  aneuploid  or  diploid  nuclei  were  assigned  ranks  of  1  and  2,  respectively.  Raw  data 
were  used  for  ranking  all  other  parameters  and  mRNA  levels.  Spearman’s  rhos  for  pairwise  correlations 
of  breast  carcinoma  properties  are  summarized  in  Table  1. 

While  the  findings  presented  here  are  quite  preliminary  due  to  the  small  sample  size,  the  data 
indicate  some  intriguing  trends.  ERa  mRNA  abundance  as  determined  by  real-time  quantitative  PCR 
showed  a  strong  and  significant  correlation  (ps  =  0.83,  P  =  0.01)  with  ER  protein  levels  as  determined  by 
the  ligand-binding  assay  (ER-LB),  which  classified  7  of  the  8  tumors  as  ER-positive.  Similarly, 
Chevillard  and  colleagues  (50)  found  that  a  greater  number  of  breast  tumors  were  ERa-positive  by  semi- 
quantitative  RT-PCR  (86  of  105  samples)  than  by  standardized  enzymoimmunoassays  (ELA;  79  of  105 
samples).  These  discrepancies  may  be  due  to  alterations  in  ERa  that  abrogate  its  ability  to  bind  ligand; 
such  mutations  in  ERa’s  LBD  have  been  documented  to  occur  in  breast  tumors  [reviewed  in  (33)^ 

These  discrepancies  may  also  be  explained  by  the  heterogeneous  nature  of  tumor  cell  subpopulations 
and  tissue  sampling  error.  Nonetheless,  the  strong  correlation  between  ERa  mRNA  levels  and  ER-LB 
provides  further  support  that  the  real-time  quantitative  PCR  assays  are  working  as  expected. 

ERRa  mRNA  levels  did  not  correlate  with  expression  of  other  genes  or  clinical  properties.  The 
ERa  mRNA  and  ER-LB  levels  also  did  not  correlate  with  other  clinical  biomarkers.  Nevertheless,  the 
ERRa/ERa  ratio  correlated  with  ER-LB  (ps  =  -0.76,  P  <  0.05),  ERa  expression  (ps  =  0.88,  P  <  0.05), 
and  PgR  expression  (ps  =  -0.81,  P  <  0.05).  The  potential  clinical  importance  of  the  ERRa/ERa  ratio  is 
illustrated  by  its  significant  correlations  with  DNA  ploidy  (ps  =  -0.85,  P  <  0.05)  and  S-phase  fraction  (ps 
==  0.71,  P  <  0.10).  These  preliminary  findings  provide  actual  support  to  the  hypothesis  of  the  prognostic 
importance  of  the  ERRa/ERa  ratio. 

ERRP  mRNA  levels  correlated  with  ERp  mRNA  levels  (ps  =  0.81,  P  <  0.05),  suggesting  a 
possible  functional  relationship  between  these  genes  as  well.  It  has  been  reported  that  ERp-positive 
tumors  are  associated  with  clinical  indicators  of  breast  cancer  (47,  48).  Likewise,  it  is  possible  that 
ERRp  levels  may  also  have  clinical  significance.  I  plan  to  follow  up  on  this  finding  by  continuing  to 
analyze  tumor  samples  for  ERRp  mRNA  levels  along  with  ERRa  in  the  experiments  proposed  in  Aim 
IB.  However,  biochemieal  and  functional  analysis  of  ERRp  is  beyond  the  scope  of  this  application  and 
is  the  focus  of  a  separate,  small  “concept”  grant  supported  by  the  Department  of  Defense  (BC995935). 

Screening  for  ERRa  mRNA  splice-variants  and  mutations  in  breast  tumors. 

The  diagnostic  RT-PCR  assays  for  characterization  of  ERRa’ s  mRNA  structure  as  described  in 
Task  lA  were  used  to  examine  9  random  clinical  breast  carcinomas.  The  RT-PCR  assays  indicated  that 
ERRal  was  expressed  and  its  mRNA  was  properly  spliced  in  all  of  the  tumors  (data  not  shown).  The 
ERRa2-specific  primers  also  enabled  amplification  of  a  PCR  product  of  correct  size  in  all  9  tumors, 
though  a  second  round  of  PCR  amplification  was  required  to  deteet  ERRa2  in  2  of  the  9  tumors  [Fig.  5 
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(round  1  of  PCR);  data  not  shown  (round  2  of  PCR)].  Interestingly,  in  one  breast  carcinoma  (number  9), 
an  additional  variant  ~90  bp  larger  than  the  expected  ERRa2  product  was  detected.  DNA  sequence 
analysis  of  the  larger  PCR  product  indicated  that  it  was  an  mRNA  splice- variant  with  a  precise  insertion 
of  part  of  ERRal ’s  intron  1  sequence  at  the  exon-1/2  splice  junction.  Therefore,  at  least  one  ERRa 
splice  variant  likely  exists  in  breast  tumor  cells. 

Task  1C.  Examine  wild-type  ERa/tamoxifen-resistant  breast  tumors  (months  25-361. 

No  progress  on  the  examination  of  wild-type  ERa/tamoxifen-resistant  breast  tumors  has  as  yet  been 
accomplished. 

Specific  Aim  II  -  To  test  whether  the  2enetic  ablation  of  ERRa  affects  cellular  growth  and  death 
characteristics  following  estrogen  and  antiestrogen  treatment  of  matched  MCF-7  cell  clones  which 
are  either  sensitive  (i.e.,  MCF-7:WS8  cells!  or  insensitive  (i.e.,  MCF-7:5C  cells)  to  these  drugs.  (A) 
Because  the  ligand  for  ERRa  is  not  vet  identified,  somatic  cell  knockouts  of  the  ERRa  gene  in 
MCF-7:WS8  and  MCF-7;5C  cells  will  be  generated.  (Bl  The  resulting  ERRa  knockout  cells  and 
their  parental  ERRa  wild-type  cells  will  be  characterized  for  cellular  growth  characteristics  and 
apoptosis  after  treatment  with  estrogen  and  antiestrogens,  as  well  as  examined  in  standard  cell 
transformation  assays. 

Task  2.  To  knockout  the  ERRa  gene  in  the  matched  hormone  responsive  and  non-responsive  ceil 
lines,  MCF-7:WS8  and  MCF-7:5C  cells,  respectively,  and  characterize  possible  alterations  in 
cellular  growth  and  apoptosis  after  treatment  of  these  cells  with  estrogens  and  antiestrogens 
(months  1-24) 

Task  2A.  Determination  of  ERRa  copy  number  by  karyotype  coupled  with  FISH  analysis  (months  1-61. 

Task  2B.  Generation  of  ERRa  somatic  cell  knockouts  using  MCF-7:WS8  and  MCF-7:5C  cells  (months 
7-181. 


Task  2C.  Characterization  of  ERRa  genetic  ablation  on  cellular  growth  and  apoptosis  of  MCF-7:WS8 
and  MCF-7:5C  cells  following  treatment  with  estrogen  and  antiestrogens  (months  19-24). 

In  my  original  fellowship  application,  I  hypothesized  that  ERRa  may  play  a  role  in  the 
development  of  TAM-resistant  breast  cancer.  As  a  model  system  of  TAM  resistance,  I  proposed  to 
characterize  the  matched  hormonally  sensitive  MCF-7:WS8  and  insensitive  MCF-7:5C  cells  for 
potential  alterations  in  ERRa-dependent  transcription.  These  cell  sublines  were  generated  by  long-term 
growth  selection  of  MCF-7  parental  cells  cultured  under  estrogenized  and  estrogen-ffee  conditions, 
respectively  (51).  Pilot  transient-transfection  and  ERE-driven  luciferase  reporter  gene  assays  were 
developed  to  initially  address  ERRa’s  transactivation  potential  in  the  MCF-7:WS8  and  MCF-7:5C  cells. 
These  studies  showed  that  ERRa  interfered  with  basal  and  E2-stimulated  transcription  in  the  WS8  cells 
(Fig.  6B,  discussed  in  detail  in  Revised  Task  3B).  In  contrast,  the  hormonally  insensitive  5C  cells  did 
not  exhibit  significant  E2-stimulation  of  ERE-mediated  reporter  gene  activity  as  expected.  If  alterations 
in  ERRa’s  transcriptional  potential  were  involved  in  the  TAM-resistant  phenotype  in  5C  cells,  one  may 
predict  that  ERRa  would  activate  ERE-mediated  transcription  in  these  cells  rather  than  repress 
transcription  as  in  the  WS8  cells.  However,  the  presence  of  an  ERRa  expression  plasmid  did  not 
significantly  affect  the  very  low  basal  reporter  activity  in  these  5C  cells  (data  not  shown).  Moreover,  as 
described  above  in  Task  lA,  5C  cells  do  not  express  ERRa  splice-variant  mRNAs  or  exhibit  mutations 
in  ERRa  cDNA  coding  sequence.  These  preliminary  data  suggest  that  factors  other  than  ERRa  are 
involved  in  the  development  of  TAM-resistance  in  this  particular  model  system.  However,  given  that 
ERRa  likely  modulates  estrogen-responsive  transcription,  ERRa  may  still  play  a  role  in  the 
development  of  a  significant  number  of  TAM-resistant  breast  cancers,  though  not  in  all  cases.  Hence,  a 
better-defined  model  system  of  TAM-resistant  breast  cancer  other  than  matched  WS8  and  5C  cells  may 
be  better  suited  for  exploring  ERRa’s  potential  role  in  TAM-resistant  disease  progression. 

Overexpression  of  epidermal  growth  factor  receptor  (EGFR)  (52)  and  c-erbBl  [also  termed 
HER-2  and  new,  (53,  54)]  has  been  implicated  in  the  failure  of  antiestrogen  therapy  in  some  breast 
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cancer  patients.  Several  reports  describe  the  reproducibility  of  TAM-stimulated  growth  of  MCF-7  cells 
as  solid  tumors  in  athymic  nude  mice  (55-58).  These  tumors  overexpressed  EGFR  relative  to  normal 
MCF-7  cells  (59).  Elevated  MAPK  activity  was  demonstrated  in  T5-PRF  cells,  another  mammary 
carcinoma  cell  line  growth-selected  for  estrogen  independence  from  parental  estrogen-responsive  T5 
human  breast  cancer  cells  (60).  Stable  introduction  of  c-erbB2  into  MCF-7  cells  conferred  TAM 
resistance  (61,  62).  Both  EGFR  and  c-erbB2  signal  through  the  Ras/MAPK  pathway  and  MAPK 
signaling  mediates  activation  of  unliganded  ERa  through  phosphorylation  events  (62-66).  Because  c- 
erbB2  can  induce  activation  of  unliganded  ERa,  I  tested  whether  increased  c-erbB2  signaling  could  also 
modulate  ERRa’s  transcriptional  potential  using  transient-transfection  and  reporter  gene  assays  (Fig.  7). 
These  assays  employed  a  matched  set  of  plasmids  that  encode  rat  versions  of  oncogenic  c-erbB2  (c- 
er6B2onc,  p  JRneu)  and  dominant-negative  Kras  (Hra^oN,  pJRHra^DN)  under  the  control  of  a  retroviral 
promoter  [(67-69);  obtained  from  Michael  N.  Gould’s  laboratory].  MCF-7:WS8  cells  were  co¬ 
transfected  with  the  indicated  combinations  of  plasmids  and  incubated  in  the  presence  or  absence  of  the 
antiestrogen  ICI- 182780  to  distinguish  between  effects  of  endogenous  ERa  and  ERRa.  I  found  that  an 
increased  level  of  ERRa  1  by  itself  had  no  significant  effect  on  SFRE-driven  transcription  (Fig.  7,  2  vs. 
1),  but  did  activate  transcription  in  the  presence  of  c-er6B2onc  (Fig.  7,  4  vs.  2),  with  this  activation  being 
attenuated  when  was  present  as  well  (Fig.  7,  7  vs.  4).  These  data  indicate  that  increased  MAPK 

signaling  may  activate  ERRa-dependent  transcription.  Next,  I  constructed  an  ERRal  truncation  mutant 
(ERRa  1 1-376)  that  lacks  a  conserved  coactivator  binding  site  termed  a  nuclear  receptor  (NR)  box  in 
ERRa’s  C-terminal  putative  AF2  domain  (70).  NR  boxes,  comprised  of  the  consensus  sequence  LXXLL 
[where  L  is  leucine  and  X  is  any  amino  acid],  mediate  protein-protein  interactions  between  NRs  and 
coactivators,  leading  to  recruitment  of  histone  acetylation  complexes  and  the  basal  transcription 
machinery  (71-73).  A  similar  ERRa  expression  plasmid  has  been  previously  shown  to  be  incapable  of 
activating  transcription  (8,  9).  ERRal  1.376  failed  to  activate  transcription  in  the  presence  of  c-erbB2onc 
(Fig.  7,  10  vs.  4  and  8).  Moreover,  the  presence  of  ERRal  1.376  inhibited  full-length  ERRa’s  (ERRal  1. 
423)  activation  potential  with  c-erbB2onc  (Fig.  7, 1 1  and  12  vs.  4).  Therefore,  I  tentatively  conclude  that 
(i)  ERRal  1-376  can  act  as  a  dominant-negative  mutant,  and  (ii)  c-erbB2  signaling  through  the  MAPK 
pathway  targets  ERRa  to  modulate  its  activation  potential. 

Upon  original  consideration  of  my  fellowship  application,  the  Review  Panel  suggested  that 
rather  than  generating  ERRa  knockout  cells,  I  should  consider  an  antisense  approach  because  of  the 
likelihood  of  multiple  endogenous  ERRa  alleles.  However,  the  mechanisms  whereby  an  antisense  RNA 
interferes  with  translation  are  largely  undefined  and  often  do  not  satisfactorily  block  protein  expression 
of  a  given  target.  I  interpret  the  Panel’s  suggestion  to  mean  that  I  should  consider  generating  the 
equivalent  of  ERRa  knockout  cells  using  an  approach  whereby  the  caveat  of  potential  multiple  ERRa 
alleles  are  circumvented.  Towards  this  end,  I  will  employ  the  dominant-negative  ERRal  1.376  variant.  In 
light  of  the  recent  data  described  directly  above  and  the  Panel’s  Comments,  rather  than  generating 
ERRa  gene  knockout  sublines  using  matched  parental  WS8  and  5C  cells  as  originally  proposed,  I  would 
like  to  revise  the  original  Specific  Aim  II  as  follows: 

Revised  Specific  Aim  II  -  To  test  whether  c-erbB2  induced  activation  of  ERRa-dependent 
transcription  may  contribute  to  the  T AM-resistant  phenotype  by  generating  and  characterizing 
MCF-7  sublines  stably-transfected  with  plasmids  inducibly  expressing  wild-type  or  dominant¬ 
negative  ERRa  variants  in  the  presence  and  absence  of  activated  c-erbB2. 

Revised  Task  II.  Establishment  MCF-7  cell  sublines  that  inducibly  express  ERRa  variants  in  the 
presence  and  absence  of  activated  c-erbB2,  thereby  facilitating  examination  of  ERRa’s  potential 
role  in  a  defined  TAM-resistant  cell  line  model  system  (months  15-36). 

Revised  Task  2A.  Establishment  of  MCF-7  cell  sublines  inducibly  expressing  ERRa  variants  in  the 
iresence  and  absence  of  activated  c-erbB2  (months  15-241. 


Matched  stably  transfected  MCF-7  cell  lines  will  be  established  that  inducibly  express  wild-type 
or  dominant-negative  ERRal  variants  with  or  without  activated  c-erbB2  under  the  control  of  a 
Tetracycline  (Tet)  -regulated  bi-directional  promoter  and  are  referred  to  herein  as  er6B2VERRalwT, 
erbB2  /ERRaloN,  er6B27ERRalwT,  and  er6B2'/ERRalDN  cells,  respectively.  These  stably-transfected 
cell  lines  will  express  the  transgenes  in  an  inducible  maimer  using  a  variant  of  the  Tet  repressor  that 
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binds  DNA  when  occupied  by  Tet  to  repress  transcription  (Tet-off  repressor),  but  does  not  bind  DNA 
when  unoccupied  by  Tet  (74).  An  MCF-7  cell  line  that  stably  expresses  the  Tet-off  repressor  (MCF- 
7/Tet-off)  is  available  from  Clontech  (Palo  Alto,  CA).  This  MCF-7/Tet-off  cell  line  has  been  shown  to 
induce  a  Tet-regulated  luciferase  reporter  gene  75-fold  when  Tet  is  removed  from  the  culture  medium.  I 
will  employ  the  bi-directional  Tet-regulated  expression  plasmid  pBI  [Clontech;(75)]  that  allows  two 
genes  of  interest  to  be  regulated  coordinately  in  a  Tet-responsive  manner  through  seven  Tet-repressor 
DNA-binding  sites  flanked  on  both  sides  by  minimal  cytomegalovirus  (CMV)  promoters.  Activated  c- 
erbBl  in  combination  with  ERRalwi  or  ERRal  1.376  (dominant-negative  variant,  ERRaloN)  will  be 
subcloned  into  pBI  to  generate  pBI-erfeB2/ERRawT,  pBI-erbB2/ERRaDN,  pBI-ERRawr,  and  pBI- 
ERRaoN- 1  will  stably  transfect  MCF-7/Tet-off  cells  with  these  bi-directional  Tet-regulated  expression 
plasmids  to  generate  sublines  in  which  ERRa  is  predicted  to  activate  (erbBl^  sublines)  transcription 
(Fig.  7)  or  repress  (er6B2'  sublines)  transcription  (Fig.  6B).  The  pBI-based  vectors  will  be  co¬ 
transfected  with  a  hygromycin-resistance  expression  plasmid  to  facilitate  selection  of  the  stably 
transfected  sublines.  I  will  screen  the  erbB2^  sublines  for  significantly  greater  MARK  activity  compared 
to  the  erbBT  sublines  by  immunoprecipitating  the  MAPK  enzyme  from  these  sublines  and  incubating  it 
with  the  positive  control  substrate,  PHAS-I,  in  the  presence  of  [y-^^P] ATP.  Subsequently,  these  cell  lines 
will  be  further  screened  for  expression  of  equivalent  amounts  of  exogenous  ERRa  variants  by  Western 
blotting  methods  employing  the  ligand  affinity-purified  anti-ERRal  49.66  antibodies. 

Using  similar  methods  as  those  described  for  Fig.  6  and  Fig  7, 1  will  assay  expression  of 
pEREx3-luc  and  pSFREx3-luc  reporter  genes  in  erbB2'/ERRalwT  and  erZiB2VERRalwT  cells  before 
and  after  withdrawal  of  Tet  from  the  media  to  induce  transgene  expression.  I  predict  that  induction  of 
ERRal  expression  should  result  in  repression  of  ERE-  and  SFRE-regulated  transcription  in  the  erbBT 
/ERRalwT  subline,  whereas  induction  of  both  c-erbBl  and  ERRal  expression  should  give  rise  to 
increased  reporter  gene  activity  in  the  erZ)B2^/ERRalwT  sub  line.  The  ERRa  dependence  of  the  effects 
on  transcription  will  be  verified  by  performing  similar  reporter  gene  assays  in  the  control  erbBX 
/ERRaloN  and  erbB2VERRalDN  sub  lines.  As  an  additional  control  for  c-erZ)B2-induced  modulation  of 
ERRa-dependent  transcription  through  the  MAPK  pathway,  similar  co-transfection  reporter  gene  assays 
will  also  be  performed  with  the  inclusion  of  a  dominant-negative  Bras  construct  (pJRHra^oN)-  These 
inducible  MCF-7  sublines  will  be  used  in  Revised  Task  3B  to  examine  the  modulatory  effects  of  ERRa 
on  Ea-responsive  transcription  and  to  examine  c-erbBl  induced  activation  of  ERRa  on  transcriptional 
regulation  of  genes  whose  promoters  contain  putative  ERRa-binding  sites  (see  Table  2  and  Fig.  9). 

Revised  Task  2B.  Examination  of  ERRa’s  potential  role  in  c-er6B2-mediated  TAM-resistant  MCF-7 
sublines  (months  25-361. 

Since  MCF-7  cells  overexpressing  c-erbB2  have  been  previously  reported  to  acquire  TAM 
resistance  (61,  62),  I  will  test  by  cell  culture  growth  curve  analysis  multiple  erfeB2+/ERRalwT  sub  lines, 
cultured  in  the  absence  of  Tet  to  induce  c-erbB2  expression,  for  c-er6B2-dependent  attenuation  of 
40HT’s  growth  suppressive  effects.  However,  long-term  induction  of  c-erbB2  expression  may  be 
required  to  attenuate  sufficiently  40HT’s  effects.  If  I  observe  this  attenuation  of  40HT-mediated  growth 
suppression  or  TAM  resistance,  I  will  likewise  evaluate  er^?B2'*’/ERRalp^  cells  to  test  whether 
El^aloN  blocks  c-erbB2's  ability  to  promote  TAM  resistance.  If  eri!7B2 /ERRal dn  cells  are  not  able  to 
acquire  TAM-resistance,  this  result  would  suggest  ERRa,  probably  in  an  activated  form,  may  be 
involved  in  the  development  of  some  TAM-resistant  breast  tumors.  If  ERRaloN  is  implicated  in 
interfering  with  c-er6B2-dependent  acquisition  of  TAM  resistance,  this  finding  would  suggest  that 
activated  ERRa  may  functionally  bypass  40HT’s  antagonism  of  ERa-dependent  growth  stimulation.  In 
future  studies,  I  would  extend  these  findings  by  testing  whether  er6B2+/ERRalwT  cells  grown  as  solid 
tumors  in  athymic  mice  frequently  develop  TAM  resistance,  whereas  er6B2'^/ERJlalDN  cells  do  not. 

Revised  Task  2C.  Characterization  of  ERRa’s  phosphorylation  status  (months  25-36). 

Because  c-erbB2  signals  through  the  MAPK  pathway,  I  reasoned  that  activation  of  ERRa- 
dependent  transcription  in  the  presence  of  activated  c-erbB2  (Fig.  7)  may  be  mediated  by  changes  in 
ERRa’s  phosphorylation  state.  To  begin  to  address  this  issue,  I  tested  whether  activated  MAPK  can 
directly  phosphorylate  ERRa  in  vitro.  As  a  source  of  activated  MAPK,  I  used  rat  p42  ERK2 
(Calbiochem)  that  had  been  previously  phosphorylated  in  vitro  by  a  constitutively  active  MEKl  (MAPK 
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kinase)  mutant.  GST-fusion  proteins  were  expressed  and  purified  from  E.  coli.  Activated  ERK2  and  [y- 
^^P]ATP  were  incubated  with  equimolar  amounts  of  purified  full-length  ERRal  (GST-ERRal  1.423), 
truncated  ERRal  variants  (GST-ERRal  1.376,  GST-ERRal  1.173)  and  control  substrates.  PHAS-1 
[phosphorylated  heat-  and  acid-stable  protein  (Calbiochem)]  and  GST-Pglobin  served  as  positive  and 
negative  controls,  respectively.  Following  the  kinase  reactions,  the  mixtures  were  resolved  by 
denaturing  PAGE  and  scanned  with  a  Phosphorlmager  (Molecular  Dynamics;  Fig.8).  As  expected, 
ERK2  phosphorylated  PHAS-1,  but  not  GST-Pglobin.  1  found  all  of  the  ERRal  variants  were 
phosphorylated.  Although  this  kinase  assay  is  not  quantitative,  the  increased  signal  intensity  of  GST- 
ERRal  1.423  versus  GST-ERRal  1.375  and  GST-ERRal  1.173  suggests  ERRal  maybe  phosphorylated 
within  the  region  377-423  in  addition  to  1-173.  Thus,  ERRa  can  serve  as  a  MAPK  substrate  in  vitro. 

Since  c-erbB2  can  induce  activation  of  ERRa-dependent  transcription  (Fig.  7)  and  MAPK  can 
phosphorylate  ERRa  (Fig.  8),  1  propose  that  changes  in  ERRa’s  phosphorylation  state  may  regulate  its 
transcriptional  activity.  Since  MAPK-dependent  phosphorylation  of  ERa  results  in  loss  of  corepressor 
binding  (76)  and  SMRT  can  interact  with  ERRa  (O’Reilly,  Ariazi,  and  Mertz,  in  preparation),  changes 
in  ERRa’s  phosphorylation  state  may  regulate  its  transactivation  potential  through  differential 
recruitment  of  coregulators.  1  will  determine  ERRa’s  phosphorylation  status  in  MCF-7  cell  lines 
inducibly  expressing  er6B2VERRal  and  erZ)B2'/ERRal  and  map  the  phosphorylated  residues.  In  future 
studies  beyond  the  scope  of  this  Fellowship  Proposal,  my  lab  group  will  likely  determine  whether 
changes  in  ERRa’s  phosphorylation  state  cause  differential  recruitment  of  coactivators  and 
corepressors.  To  determine  whether  ERRa  is  differentially  phosphorylated  in  erZ)B2’^/ERRawT  cells 
compared  to  er6B2 VERRawr  cells  and  to  map  the  targeted  residues,  I  will  initially  immunoprecipitate 
ERRa  proteins  from  these  sublines  using  the  ligand  affinity-purified  anti-ERRal  49.55  antibodies, 
followed  by  separation  of  ERRa  isoforms  in  2D  polyacrylamide  gels  in  which  the  gel’s  pi  gradient 
dimension  should  allow  resolution  of  differentially  phosphorylated  ERRa  isoforms.  The  2D  gels  will  be 
transferred  to  membranes  for  Western  blotting  analysis  with  anti-ERRa  149.55  antiserum  to  confirm  the 
identity  of  ERRa.  As  additional  controls,  ERRa  isoforms  corresponding  to  various  phosphorylation 
states  in  the  2D  gels  will  be  confirmed  by  co-migration  of  ERRa  proteins  treated  with  protein 
phosphatases  and  activated  MAPK  using  methods  similar  to  those  used  for  Fig.  8.  Later,  ERRa 
phosphopeptides  will  be  identified  by  radiolabeling  cells  with  [y-^^P]  ATP,  immunoprecipitating  ERRa 
using  the  anti-ERRa  149.55  antibodies,  digesting  the  protein  with  trypsin,  and  resolving  the  peptides  in  a 
2D  polyacrylamide  gel.  Radiolabeled  peptide  spots  will  be  recovered  from  the  gel  and  sequenced  using  a 
triple  quadrapole  mass  spectrophotometer  available  at  the  UW-Biotech  Center.  Thus,  I  will  be  able  to 
identify  the  specific  phosphorylation  events  that  may  regulate  ERRa’s  transcriptional  potential  as  an 
activator  or  repressor  due  to  the  presence  or  absence  of  activated  c-erbB2. 

Upon  review  of  this  Fellowship  Proposal,  Reviewer  B  commented  that  generation  of 
phosphospecific  anti-ERRa  antibodies  might  be  a  difficult  and  time-consuming  undertaking.  Hence, 
generation  of  such  phosphospecific  antibodies  will  likely  not  be  able  to  be  accomplished  during  the  time 
of  this  award.  However,  my  lab  group  intends  to  accomplish  this  task  following  the  current  granting 
period.  In  future  studies  beyond  this  Fellowship  Proposal,  following  identification  of  phosphorylated 
residues,  my  lab  intends  to  introduce  amino  acid  substitutions  to  test  whether  these  specific 
phosphotylation  events  are  important  for  determining  ERRa’s  transcriptional  potential  by  transient- 
transfection  and  reporter  gene  assays.  If  these  phosphorylation  events  are  important  in  determining 
ERRa’s  transactivation  potential,  we  would  be  encouraged  to  investigate  in  future  studies  whether 
ERRa’s  phosphorylation  status  modulates  the  recruitment  of  corepressors  and  coactivators.  If 
phosphorylation  events  modulate  ERRa’s  activities,  we  would  eventually  develop  a  phosphospecific 
anti-ERRa  antibody  that  could  distinguish  activated  from  unactivated  E^^a.  Such  phosphospecific 
antibodies  might  enable  diagnostic  determination  of  ERRa’s  phosphorylation  state  in  clinical  tumors 
and  examination  for  correlations  between  ERRa’s  phosphorylation  state  and  prognosis,  sensitivity  to 
antiestrogen  therapy,  and  progression  to  TAM  resistance.  This  concept  has  already  been  employed 
successfully  with  a  phosphospecific  anti-c-er6B2  antibody  (PN2A)  where  it  was  demonstrated  by 
multivariate  analyses  that  phosphorylated  c-erbB2  provided  significant  prognostic  value  in  node¬ 
positive  primary  breast  carcinomas  (77). 
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Specific  Aim  III  -  To  test  whether  genetic  ablation  of  ERRa  modulates  the  activity  of 
transcriptional  regulatory  elements  in  the  hormonally  sensitive  and  insensitive  cell  lines  described 
in  Aim  II.  (A~)  ERRa-mediated  transcriptional  regulation  will  be  investigated  with  heterologous 
reporter  genes  containine  various  EREs  from  promoters  known  to  affect  breast  cancer,  e.g. 
progesterone  receptor  (PgR).  pS2,  HER-2/neu.  et  cetera,  as  well  as  documented  AP-1  sites 
modulated  by  ERa.  (B)  These  EREs  and  AP-1  sequences  will  also  be  examined  by  gel-mobility- 
shift  assays  (GMSAs)  and  immunoshift  assays.  DNA  binding  and  protein-protein  interactions  of 
ERg  and  hERRal,  including  possible  specific  isoforms,  will  be  correlated  with  transcriptional 
activity. 

Task  3.  To  test  whether  genetic  ablation  of  ERRa  modulates  ERE-  or  AP-1 -dependent 
transcription,  and  to  correlate  transcription  activity  with  DNA  binding  and  protein-protein 
interations  of  ERa  and  ERRa,  including  possible  specific  isoform(s)  (months  25-36) 

Task  3  A.  Characterization  of  ERE  and  AP-1  DNA-binding  activity  by  GMSAs  and  immunoshift  assays 
(months  25-36). 

Task  3B.  Evaluation  of  ERE-  and  AP-1 -dependent  transcription  using  heterologous  reporter  genes 
(months  25-36). 

ERRa  and  ERa  bind  EREs  and  SFREs  [Eigs.  3,  9  and  1 1 ;  (4,  9)],  directly  interact  through 
protein-protein  contacts  [Fig.  10;  O’Reilly,  Ariazi,  and  Mertz,  in  preparation;  (4)],  and  are  themselves 
estrogen-regulated  genes  [Fig.  1;  (23)].  Thus,  ERRa  could  modulate  estrogen  responsiveness  through 
several  non-mutually  exclusive  mechanisms.  ERRa  and  ERa  may  compete  for  binding  to  the  same 
element  through  protein-DNA  interactions  (model  I;  Fig.  11),  bind  separate  subelements  within  a 
composite  element  [model  H;  (10)],  form  true  ERRa-ERa  heterodimers  capable  of  binding  DNA 
(model  in),  form  ERRa-ERa  complexes  not  capable  of  binding  DNA  (model  IV),  and/or  compete  for 
binding  co-regulators  of  ERa  (model  V).  Moreover,  estrogen-dependent  changes  in  ERRa  and  ERa 
expression  (e.g.,  Fig.  1)  may  indirectly  affect  response  element  occupancy.  ERRa  has  been 
demonstrated  to  modulate  estrogen-responsive  transcription  of  lactoferrin  (10)  and  osteopontin  (9,  78, 
79).  Thus,  it  is  highly  likely  ERRa  modulates  other  estrogen-responsive  genes,  including  ones  involved 
in  breast  cancer.  Identification  of  ERRa-regulated  genes  and  elucidation  of  the  mechanisms  by  which  it 
regulates  these  genes  could  impact  the  management  of  breast  cancer  and  lead  to  the  development  of 
ERRa  as  a  new  therapeutic  target. 

Upon  the  review  of  this  Fellowship  Proposal,  both  Reviewers  A  and  B  commented  that  there 
were  too  many  proposed  experiments.  Hence,  I  would  like  to  alter  Specific  Aim  III  to  focus  on  the 
characterization  of  DNA  sequences  directly  bound  by  ERRa  such  as  EREs  and  SFREs  rather  than 
indirectly  bound  by  the  receptor  through  protein-protein  interaction  such  as  AP-1  sites.  Hence,  I  would 
like  to  revise  the  originally  proposed  Specific  Aim  III  as  follows: 

Revised  Specific  Aim  III  -To  Begin  to  Elucidate  Mechanisms  By  Which  ERRa  May  Play  Roles  in 
Breast  Carcinogenesis  By  Identifyine  Estrogen-responsive  Breast  Cancer  Prognosticator  Genes 
Which  Are  Transcriptionally  Modulated  Through  ERRa  and  Determining  the  Effects  of  ERRa 
on  Transcriptional  Regulation  of  These  Genes. 

Revised  Task  3A.  Characterization  of  putative  ERRg-binding  sites  by  GMSAs  and  immunoshift  assays 
(months  25-361. 

Identification  of  ERRa-binding  sites  in  promoters  of  genes  implicated  in  breast  cancer. 

Knowing  which  genes  are  transcriptionally  modulated  by  ERRa  may  help  to  clarify  ERRa’s 
potential  role  in  breast  cancer.  To  identify  potential  ERRa-responsive  genes,  the  transcriptional 
regulatory  regions  of  genes  known  to  be  implicated  in  breast  cancer  were  examined  for  sequences 
potentially  capable  of  being  bound  by  ERRa  by  searching  a  eukaryotic  promoter  database 
[http://www.epd.isb-sib.ch/:  (80)]  and  Genbank  (http://www.ncbi.n1m.nih.govA  (Table  2).  The  core 
ERRa-binding  sequences  used  to  query  the  databases  were  taken  from  studies  condueted  by  the 
laboratories  of  J.M.  Vanacker  (8)  and  V.  Giguere  (7).  ERRa  binding  to  many  of  these  potential  sites  was 
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confirmed  with  EMSAs  employing  lysates  of  COS  cells  transfected  with  an  ERRal  expression  plasmid 
(Fig.  9).  Although  not  quantitative,  these  preliminary  EMSAs  clearly  indicate  that  ERRa  binds  these 
sites  to  varying  degrees.  Almost  all  of  the  genes  tested  whose  promoters  contain  confirmed  ERRa- 
binding  sites  are  estrogen  responsive  and  exhibit  prognostic  significance  in  breast  cancer  (Table  2).  I 
propose  to  characterize  the  DNA-binding  properties  of  ERRa  to  many  of  these  binding  sites  and  to  test 
whether  some  of  the  corresponding  genes  are  responsive  to  changes  in  ERRa  expression  in  Revised 
Aim  IIB. 

Cross  talk  between  ERaand  ERRa 

One  model  by  which  ERRa  can  affect  estrogen  responsiveness  is  via  the  formation  of 
heterodimers  with  ERa,  thereby  affecting  ERa’s  DNA  binding  specificity  and/or  affinity  for  EREs  and 
SFREs.  My  lab  group  (4)  and  others  (10)  previously  reported  that  ERRa  and  ERa  directly  interact.  To 
map  the  region  of  El^a  that  interacts  with  ERa,  we  used  GST  pull-down  assays  that  employed  GST- 
ERRa  truncation  variants  and  [^^S] -labeled  ERa.  We  found  that  ERa  interacts  with  a  region 
overlapping  ERRa’s  T/A  box  located  in  the  D  domain  (amino  acids  145-173,  Fig.  10;  O’Reilly,  Ariazi, 
and  Mertz,  in  preparation).  An  amino  acid  sequence  alignment  of  the  T/A  boxes  from  ERa,  ERRa, 
ERRP,  and  E^^y  reveals  100  %  conservation  among  the  ERRs  and  50  %  conservation  between  ERa 
and  the  ERRs.  Thus,  ERRa  binding  to  ERa  is  likely  of  physiological  significance. 

Models  by  which  ERRa  can  affect  estrogen  responsiveness  include  (i)  competing  with  ERa  for 
binding  to  EREs  and  SFREs  via  direct  protein-DNA  interactions,  and  (ii)  affecting  ERa’s  ability  to  bind 
DNA  via  direct  protein-protein  interactions.  Intriguingly,  such  interactions  could  provide  an  additional 
level  of  modulation  of  receptor-dependent  transcriptional  activity  by  sequestering  either  receptor  away 
from  DNA.  My  lab  group  have  found  that  the  addition  of  increasing  amounts  of  ERRa  both  interferes 
with  ERa  binding  to  the  vitERE  and  results  in  the  appearance  of  ERRa-DNA  complexes  (Fig.  11). 
However,  either  of  these  non-mutually  exclusive  models  can  account  for  this  finding.  We  will 
distinguish  between  these  two  hypotheses  using  ERRa  mutants  that  interact  with  ERa  but  do  not  bind 
DNA  in  EMSAs.  The  results  of  these  studies  will  also  likely  provide  a  biochemical  basis  for  the 
potential  prognostic  significance  of  the  ERRa/ERa  ratio  correlating  with  DNA  ploidy  and  S-phase 
fraction  (Table  1). 

Revised  Task  3B.  Evaluation  of  ERRa-binding  sites  using  heterologous  reporter  genes  (months  25-361. 

ERRa-mediated  repression  of  E2-induced  transcription. 

ERRa  has  been  demonstrated  to  activate  (8-10,  34,  79,  81,  82)  or  repress  (4)  transcription 
depending  upon  the  specific  promoter  and  cell  line.  Given  ERRa  and  ERa  directly  interact  and  bind 
many  of  the  same  HREs,  ERRa  could  either  interfere  or  enhance  estrogen-responsive  transcription.  To 
test  directly  the  affects  of  ERRa,  I  have  developed  reporter  gene  assays.  My  vectors  contain  3  tandem 
consensus  EREs  or  SFREs  cloned  upstream  of  a  basal  thymidine  kinase  (TK)  promoter  driving 
luciferase  expression.  They  are  termed  pEREx3-luc  (obtained  from  V.C.  Jordan’s  laboratory)  and 
pSFREx3-luc  (obtained  from  J.M.  Vanacker’s  laboratory).  1  co-transfected  pEREx3-luc  with  an  ERRal 
expression  vector  into  CV-1  cells,  which  naturally  lack  ERa,  and  MCF-7:WS8  cells,  which  contain 
ERa.  As  expected,  ERRal  was  found  to  activate  transcription  through  the  EREs  in  an  E2-independent 
manner  in  CV-1  cells  (see  Fig.  6A).  However,  ERRal  repressed  both  basal  ERE-driven  transcription 
and,  importantly,  E2-induced  transcription  in  MCF-7:WS8  cells  (Fig.  6B). 

Charactization  of  ERRa’s  direct  effects  on  transcription  of  the  genes  whose  promoters  contain  validated 
ERRa-binding  sites  using  reporter  gene  assays  with  inducible  MCE -7  cell  lines  established  in  Revised 
Specific  Aim  HA. 

In  Revised  Specific  Aim  HA,  I  propose  to  establish  stably  transfected  MCF-7  cell  lines  that 
inducibly  express  specific  ERRal  variants  with  or  without  c-erbB2onc  under  the  control  of  a 
Tetracycline  (Tet)  -regulated  bi-directional  promoter  where  ERRa  should  activate  (erZ>B2'^/ERRal) 
transcription  as  in  Fig.  7  or  repress  (er6B27ERRal)  transcription  as  in  Fig.  6B.  I  will  use  the  inducible 
MCV -llerb'QT  cell  lines  to  characterize  the  effects  of  ERRa-mediated  modulation  with  various  ERa- 
ligands  of  some  of  the  genes  whose  promoters  listed  in  Table  2  contain  validated  ERRa-binding  sites. 
Next,  I  will  examine  in  MCF-7/er6B2^  cells  the  effects  of  c-er6B2-induced  activation  of  ERRa  on 
transcriptional  regulation  of  these  estrogen-responsive  genes.  One  of  the  many  possible  findings  is  that 
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the  presence  of  activated  c-erbB2  will  result  in  a  reversal  of  ERRa’s  transcriptional  potential  on  a  given 
promoter:  in  cases  where  ERRa  was  a  repressor  it  becomes  an  activator,  but  in  cases  where  it  was  an 
activator  it  becomes  a  repressor.  A  second  possibility  is  that  the  presence  of  activated  c-erbQ2  will  result 
in  constitutive  activation  of  ERRa,  independent  of  promoter  context.  A  third  possibility  is  that  c-erbB2- 
induced  alterations  in  ERRa  may  not  result  in  a  change  in  ERRa’s  transcriptional  potential  for  some  of 
the  promoters.  This  last  possibility  would  suggest  ERRa’s  transcriptional  potential,  in  certain  cases,  can 
be  largely  determined  by  promoter  context  independent  of  c-er6B2-induced  activation  of  the  MARK 
signaling  pathway.  Later,  I  will  study  the  effects  of  ERa  ligands  on  c-erZ)B2-induced  activation  of 
ERRa  by  reporter  gene  assays  as  outlined  directly  above.  In  er6B27ERRalwT  cells,  I  expect  ERRa  to 
interfere  with  E2-stimulated  transcription.  However,  in  E2-treated  crbB2VERRalwT  cells,  the  presence 
of  activated  c-erbB2  leading  to  activation  of  ERRa  may  allow  ERRa  and  ERa  to  cooperate  either 
additively  or  synergistically.  Treatment  of  these  cells  with  ICI-1 82780,  a  complete  antiestrogen,  may 
block  ERa’s  ability  to  cooperate  with  activated  ERRa  induced  by  c-erbB2.  The  possible  outcomes  of 
treating  erZjB2VERRalwT  cells  with  the  partial  anti  estrogen  40HT  are  difficult  to  predict  because  c- 
erZ>B2-mediated  stimulation  of  MARK  signaling  may  result  in  loss  of  corepressor  binding  with  40HT- 
occupied  ERa  (76);  therefore,  in  this  case,  ERRa  and  ERa  may  or  may  not  cooperate.  Similarly,  I  will 
employ  the  matched  ERRaloN  cell  lines  to  control  for  ERRa-dependent  effects  on  transcription. 
Additional  controls  will  include  promoters  containing  site-specific  mutations  in  their  ERRa-binding 
sites.  The  data  obtained  from  these  reporter  gene  assays  should  indicate  whether  the  identified  binding 
sites  are  authentic  ERRa  response  elements.  Moreover,  these  transcription  assays  will  provide  a  means 
to  evaluate  the  functional  activities  of  any  potential  ERRa  variants  identified  in  Revised  Specific  Aim 
IIIA  above.  It  will  also  be  interesting  to  see  whether  the  effects  observed  differ  among  the  various 
promoters  tested. 

In  summary,  I  expect  the  data  obtained  from  these  experiments  to  validate  the  hypothesis  that 
ERRa  can  affect  the  estrogen  responsiveness  of  some  genes  via  interactions  with  ERa  and/or 
transcriptional  response  elements.  They  will  likely  also  indicate  that  ERRa  can  directly  affect 
expression  of  some  genes  whose  altered  expression  correlates  with  breast  cancer  pathogenesis  and 
disease  progression. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  ERRa  is  itself  a  modestly  estrogen-responsive  gene  (Fig.  1). 

•  Ligand  affinity-purified  anti-ERRal  49.66  antibodies  have  been  generated  and  found  suitable  for 
Western  blotting  applications  (Fig.  2)  and  EMSAs  (Fig.  3). 

•  In  a  small  sample  size,  ERRa  mRNA  is  frequently  expressed  at  significantly  lower  levels  in  random 
clinical  primary  breast  carcinomas  than  in  normal  mammary  tissues  (Fig  4). 

•  Among  a  small  number  of  clinical  breast  carcinomas,  the  relative  ERRa/ERa  mRNA  ratio  correlates 
with  S-phase  fraction  and  DNA  ploidy.  Thus,  the  ERRa/ERa  ratio  may  serve  as  a  biomarker  of  tumor 
aggressiveness  (Table  1). 

•  At  least  one  ERRa  mRNA  splice-variant  exists  in  breast  carcinomas  (Fig.  5). 

•  ERRa  can  activate  transcription  in  CV-1  and  repress  E2-dependent  transcription  in  MCF-7  cells  (Fig. 

6). 

•  Increased  c-erbB2  signaling  through  the  MAPK  pathway  can  induce  activation  of  ERRa  (Fig.  7). 

•  ERRa  can  be  phosphorylated  by  activated  MAPK  in  vitro  (Fig.  8). 

•  Potential  ERRa  DNA-binding  sites  have  been  identified  in  numerous  promoters  of  genes  implicated 
in  breast  cancer  (Table  2)  and  have  initially  been  authenticated  by  EMSAs  (Fig.  9). 

•  ERRa  directly  interacts  with  ERa  through  protein-protein  contacts  mapped  to  ERRa’s  T/A  box 
adjacent  to  the  receptor’s  core  DNA-binding  domain  (Fig.  10). 

•  ERRa  and  ERa  can  compete  for  binding  DNA  (Fig.  11). 
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REPORTABLE  OUTCOMES 


Publications 

O'Reilly,  G.  H.,  Ariazi,  E.  A.,  and  Mertz,  J.  E.  Human  Estrogen-related  Receptor  al:  Identification  and 
Mapping  of  Functional  Domains  (manuscript  in  preparation). 

Patents 

Mertz,  J.  E.,  Johnston,  S.  D.,  Kraus,  R.  J.,  and  Ariazi,  E.  A.  Human  Estrogen-related  Receptor  a.  U.S. 
Patent  (pending).  Application  Number  09/488,730.  Filing  date  of  January  20,  2000. 

Awarded  Funding 

"Estrogen-related  Receptor  Beta  in  Breast  Cancer  and  Estrogen  Responsiveness" 

Principal  Investigator:  Janet  E.  Mertz,  Ph.D. 

Co-principal  Investigator:  Eric  A.  Ariazi,  Ph.D. 

Agency:  US  Army  Medical  Research  and  Materiel  Command 
Type:  Concept  Award  (BC995035)  Period:  9/1/00  to  8/31/01 

The  aims  of  this  proposal  are:  (1)  to  test  whether  alterations  in  ERRbeta  expression  correlate  with 
the  development  of  breast  cancer;  and  (2)  to  begin  to  identify  ERRbeta-regulated  genes  and  to 
ascertain  whether  ERRbeta  levels  modulate  estrogen  responsiveness  in  mammary  carcinoma 
cells. 

Applied  for  Funding 

“Estrogen-related  Receptor  alpha  In  Breast  Cancer” 

Principal  Investigator:  Janet  E.  Mertz,  Ph.D. 

Co-principal  Investigator:  Eric  A.  Ariazi,  Ph.D. 

Agency:  National  Cancer  Institute,  NIH 
Type:  ROl  Period:  2001  to  2006 

The  aims  of  this  proposal  are:  (i)  to  determine  the  utility  of  ERRalpha  as  a  novel  breast  cancer 
prognosticator  and  target  for  therapy;  and  (ii)  to  elucidate  the  mechanisms  by  which  ERRalpha 
modulates  the  transcriptional  regulation  of  genes  involved  in  breast  cancer. 
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CONCLUSIONS 


Several  assays  and  reagents  have  been  developed  to  study  ERRa  in  breast  cancer  including  real¬ 
time  quantitative  PCR  assays,  ligand-affinity  purified  anti-ERRa  antibodies,  EMSAs  to  investigate 
ERRa-binding  to  DNA,  E^a  transient-transfection  and  reporter  gene  assay,  and  GST  pull-down 
assays.  I  have  found  that  ERRa  is  itself  modestly  estrogen  responsive.  I  also  found  that  expression  of 
ERRa  mRNA  is  significantly  lower  in  a  small  panel  of  random  breast  carcinomas  than  normal  MECs 
and  that  the  ERRa/ERa  ratio  correlates  with  S-phase  fraction  and  DNA  ploidy,  indicating  potential  as  a 
novel  breast  prognosticator.  Additionally,  I  found  an  ERRa2  splice-variant  mRNA  in  the  breast  tumors. 
To  investigate  ERRa-dependent  transcriptional  mechanisms,  I  have  identified  numerous  potential 
ERRa-binding  sites  in  the  promoters  of  genes  implicated  in  breast  cancer  and  initially  verified  these 
sites  by  EMSAs.  ERRa  and  ERa  were  demonstrated  to  compete  for  binding  to  a  consensus  ERE. 
However,  the  mechanism  of  this  cross  talk  may  occur  through  protein-DNA  or  protein-protein 
interactions  since  the  receptors  were  also  demonstrated  to  interact  through  a  region  containing  ERRa’s 
T/A  box  (amino  acids  145-173).  ERRa  activates  transcription  in  CV-1  and  represses  E2-stimulated 
transcription  in  MCF-7  cells.  Furthermore,  increased  c-erbB2  signaling  though  the  MAPK  pathway 
leads  to  activation  of  ERRa  and  ERRa  can  be  phosphorylated  by  activated  MAPK  in  vitro. 

I  had  originally  proposed  establishing  ERRa  knockout  sublines  derived  from  matched 
hormonally-responsive  and  unresponsive  MCF-7  cells.  The  Review  Panel  commented  that  I  should  try 
another  approach  such  as  antisense  RNA  methods  to  overcome  the  caveat  of  multple  endogenous  ERRa 
alleles.  I  have  since  characterized  a  new  ERRa  truncation  mutant  that  lacks  a  C-terminal  coactivator 
binding  domain  that  functions  as  a  dominant-negative  variant  in  transient-transfection  and  reporter  gene 
assays.  It  has  also  been  reported  that  stable-transfection  of  c-erbB2  into  MCF-7  cells  results  in  a  TAM- 
resistant  phenotype,  and  I  found  that  c-erbB2  induces  activation  of  ERRa.  To  study  ERRa’s  potential 
role  in  TAM-resistance,  I  therefore  propose  to  establish  MCF-7  sublines  inducibly  expressing  wild-type 
and  dominant-negative  ERRa  variants  in  the  absence  and  presence  of  activated  c-erbB2. 

The  above  findings  could  provide  the  basis  for  future  studies  to  determine  whether  ERRa  status 
may  indicate  sensitivity  to  hormonal  therapies,  progression  to  tamoxifen  resistance,  and  disease 
outcome. 


18 


REFERENCES 


1.  Allegra,  J.  C.,  Lippman,  M.  E.,  Thompson,  E.  B.,  Simon,  R.,  Barlock,  A.,  Green,  L.,  Huff,  K.  K., 
Do,  H.  M.,  Aitken,  S.  C.,  and  Warren,  R.  Estrogen  receptor  status:  an  important  variable  in 
predicting  response  to  endocrine  therapy  in  metastatic  breast  cancer,  Eur  J  Cancer.  16:  323-31, 
1980. 

2.  Clark,  G.  M.  and  McGuire,  W.  L.  Prognostic  factors  in  primary  breast  cancer.  Breast  Cancer  Res 
Treat.  3:  S69-72,  1983. 

3.  Giguere,  V.,  Yang,  N.,  Segui,  P.,  and  Evans,  R.  M.  Identification  of  a  new  class  of  steroid 
hormone  receptors.  Nature.  331:  91-4, 1988. 

4.  Johnston,  S.  D.,  Liu,  X.,  Zuo,  F.,  Eisenbraun,  T.  L.,  Wiley,  S.  R.,  Kraus,  R.  J.,  and  Mertz,  J.  E. 
Estrogen-related  receptor  alpha  1  functionally  binds  as  a  monomer  to  extended  half-site 
sequences  including  ones  contained  within  estrogen-  response  elements.  Mol  Endocrinol.  11: 
342-52,  1997. 

5.  Wiley,  S.  R.,  Kraus,  R.  J.,  Zuo,  F.,  Murray,  E.  E.,  Loritz,  K.,  and  Mertz,  J.  E.  SV40  early-to-late 
switch  involves  titration  of  cellular  transcriptional  repressors.  Genes  Dev.  7:  2206-19,  1993. 

6.  Bonnelye,  E.,  Vanacker,  J.  M.,  Spruyt,  N.,  Alric,  S.,  Fournier,  B.,  Desbiens,  X.,  and  Laudet,  V. 
Expression  of  the  estrogen-related  receptor  1  (ERR-1)  orphan  receptor  during  mouse 
development,  Mech  Dev.  65:  71-85, 1997. 

7.  Sladek,  R.,  Bader,  J.  A.,  and  Giguere,  V.  The  orphan  nuclear  receptor  estrogen-related  receptor 
alpha  is  a  transcriptional  regulator  of  the  human  medium-chain  acyl  coenzyme  A  dehydrogenase 
gene.  Mol  Cell  Biol.  17:  5400-9, 1997. 

8.  Vanacker,  J.  M.,  Bonnelye,  E.,  Chopin-Delannoy,  S.,  Delmarre,  C.,  Cavailles,  V.,  and  Laudet,  V. 
Transcriptional  activities  of  the  orphan  nuclear  receptor  ERR  alpha  (estrogen  receptor-related 
receptor-alpha).  Mol  Endocrinol.  13:  764-73, 1999. 

9.  Vanacker,  J.  M.,  Pettersson,  K.,  Gustafsson,  J.  A.,  and  Laudet,  V.  Transcriptional  targets  shared 
by  estrogen  receptor-related  receptors  (ERRs)  and  estrogen  receptor  (ER)  alpha,  but  not  by 
ERbeta,  EMBO  J.  18:  4270-9,  1999. 

10.  Yang,  N.,  Shigeta,  H.,  Shi,  H.,  and  Teng,  C.  T.  Estrogen-related  receptor,  hERRl,  modulates 
estrogen  receptor-mediated  response  of  human  lactoferrin  gene  promoter,  J  Biol  Chem.  271: 
5795-804,  1996. 

11.  Knight,  W.  A.,  Livingston,  R.  B.,  Gregory,  E.  J.,  and  McGuire,  W.  L.  Estrogen  receptor  as  an 
independent  prognostic  factor  for  early  recurrence  in  breast  cancer.  Cancer  Res.  37:  4669-71, 
1977. 

12.  Bustin,  S.  A.  Absolute  quantification  of  mRNA  using  real-time  reverse  transcription  polymerase 
chain  reaction  assays,  J  Mol  Endocrinol.  25:  169-193,  2000. 

13.  Morrison,  T.  B.,  Weis,  J.  J.,  and  Wittwer,  C.  T.  Quantification  of  low-copy  transcripts  by 
continuous  SYBR  Green  I  monitoring  during  amplification.  Biotechniques.  24:  954-8,  960,  962, 
1998. 

14.  Wittwer,  C.  T.,  Herrmann,  M.  G.,  Moss,  A.  A.,  and  Rasmussen,  R.  P.  Continuous  fluorescence 
monitoring  of  rapid  cycle  DNA  amplification.  Biotechniques.  22:  130-1,  134-8,  1997. 

15.  Ririe,  K.  M.,  Rasmussen,  R.  P.,  and  Wittwer,  C.  T.  Product  differentiation  by  analysis  of  DNA 
melting  curves  during  the  polymerase  chain  reaction.  Anal  Biochem.  245:  154-60,  1997. 

16.  Laborda,  J.  36B4  cDNA  used  as  an  estradiol-independent  mRNA  control  is  the  cDNA  for  human 
acidic  ribosomal  phosphoprotein  PO,  Nucleic  Acids  Res.  19:  3998,  1991. 

17.  Berkenstam,  A.,  Glaumann,  H.,  Martin,  M.,  Gustafsson,  J.  A.,  and  Norstedt,  G.  Hormonal 
regulation  of  estrogen  receptor  messenger  ribonucleic  acid  in  T47Dco  and  MCF-7  breast  cancer 
cells.  Mol  Endocrinol.  3:  22-8,  1989. 


19 


18.  Berthois,  Y.,  Dong,  X.  F.,  Roux-Dossetto,  M.,  and  Martin,  P.  M.  Expression  of  estrogen  receptor 
and  its  messenger  ribonucleic  acid  in  the  MCF-7  cell  line:  multiparametric  analysis  of  its 
processing  and  regulation  by  estrogen.  Mol  Cell  Endocrinol.  74:  11-20,  1990. 

19.  Ree,  A.  H.,  Landmark,  B.  F.,  Eskild,  W.,  Levy,  F.  O.,  Lahooti,  H.,  Jahnsen,  T.,  Aakvaag,  A.,  and 
Hansson,  V.  Autologous  down-regulation  of  messenger  ribonucleic  acid  and  protein  levels  for 
estrogen  receptors  in  MCF-7  cells:  an  inverse  correlation  to  progesterone  receptor  levels. 
Endocrinology.  124:  2577-83,  1989. 

20.  Martin,  M.  B.,  Saceda,  M.,  and  Lindsey,  R.  K.  Regulation  of  estrogen  receptor  expression  in 
breast  cancer,  Adv  Exp  Med  Biol.  330:  143-53, 1993. 

21 .  Metzger,  D.,  Ali,  S.,  Bomert,  J.  M.,  and  Chambon,  P.  Characterization  of  the  amino-terminal 
transcriptional  activation  function  of  the  human  estrogen  receptor  in  animal  and  yeast  cells,  J 
Biol  Chem.  270:  9535-42,  1995. 

22.  Mclnemey,  E.  M.  and  Katzenellenbogen,  B.  S.  Different  regions  in  activation  function- 1  of  the 
human  estrogen  receptor  required  for  antiestrogen-  and  estradiol-dependent  transcription 
activation,  J  Biol  Chem.  271:  24172-8, 1996. 

23.  Shigeta,  H.,  Zuo,  W.,  Yang,  N.,  DiAugustine,  R.,  and  Teng,  C.  T.  The  mouse  estrogen  receptor- 
related  orphan  receptor  alpha  1 :  molecular  cloning  and  estrogen  responsiveness,  J  Mol 
Endocrinol.  19:  299-309,  1997. 

24.  Vladusic,  E.  A.,  Hornby,  A.  E.,  Guerra- Vladusic,  F.  K.,  Lakins,  J.,  and  Lupu,  R.  Expression  and 
regulation  of  estrogen  receptor  beta  in  human  breast  tumors  and  cell  lines,  Oncol  Rep.  7:  157-67, 
2000. 

25.  Murphy,  L.  C.,  Dotzlaw,  H.,  Leygue,  E.,  Coutts,  A.,  and  Watson,  P.  The  pathophysiological  role 
of  estrogen  receptor  variants  in  human  breast  cancer,  J  Steroid  Biochem  Mol  Biol.  65:  175-80, 
1998. 

26.  Madsen,  M.  W.,  Reiter,  B.  E.,  and  Lykkesfeldt,  A.  E.  Differential  expression  of  estrogen  receptor 
mRNA  splice  variants  in  the  tamoxifen  resistant  human  breast  cancer  cell  line,  MCF-7/T AMR-1 
compared  to  the  parental  MCF-7  cell  line.  Mol  Cell  Endocrinol.  109:  197-207, 1995. 

27.  Flouriot,  G.,  Griffin,  C.,  Kenealy,  M.,  Sonntag-Buck,  V.,  and  Gannon,  F.  Differentially 
expressed  messenger  RNA  isoforms  of  the  human  estrogen  receptor-alpha  gene  are  generated  by 
alternative  splicing  and  promoter  usage.  Mol  Endocrinol.  12:  1939-54,  1998. 

28.  Miksicek,  R.  J.,  Lei,  Y.,  and  Wang,  Y.  Exon  skipping  gives  rise  to  alternatively  spliced  forms  of 
the  estrogen  receptor  in  breast  tumor  cells.  Breast  Cancer  Res  Treat.  26:  163-74,  1993. 

29.  Kamik,  P.  S.,  Kulkami,  S.,  Liu,  X.  P.,  Budd,  G.  T.,  and  Bukowski,  R.  M.  Estrogen  receptor 
mutations  in  tamoxifen-resistant  breast  cancer.  Cancer  Res.  54:  349-53,  1994. 

30.  Wolf,  D.  M.  and  Jordan,  V.  C.  The  estrogen  receptor  from  a  tamoxifen  stimulated  MCF-7  tumor 
variant  contains  a  point  mutation  in  the  ligand  binding  domain.  Breast  Cancer  Res  Treat.  31: 
129-38,  1994. 

31.  Pink,  J.  J.,  Wu,  S.  Q.,  Wolf,  D.  M.,  Bilimoria,  M.  M.,  and  Jordan,  V.  C.  A  novel  80  kDa  human 
estrogen  receptor  containing  a  duplication  of  exons  6  and  7,  Nucleic  Acids  Res.  24:  962-9,  1996. 

32.  Zhang,  Q.  X.,  Borg,  A.,  Wolf,  D.  M.,  Oesterreich,  S.,  and  Fuqua,  S.  A.  An  estrogen  receptor 
mutant  with  strong  hormone-independent  activity  from  a  metastatic  breast  cancer.  Cancer  Res. 

57:  1244-9,  1997. 

33.  Tonetti,  D.  A.  and  Jordan,  V.  C.  The  role  of  estrogen  receptor  mutations  in  tamoxifen-stimulated 
breast  cancer,  J  Steroid  Biochem  Mol  Biol.  62:  119-28,  1997. 

34.  Yang,  C.,  Zhou,  D.,  and  Chen,  S.  Modulation  of  aromatase  expression  in  the  breast  tissue  by 
ERR  alpha-1  orphan  receptor.  Cancer  Res.  58:  5695-700,  1998. 

35.  Altschul,  S.  F.,  Madden,  T.  L.,  Schaffer,  A.  A.,  Zhang,  J.,  Zhang,  Z.,  Miller,  W.,  and  Lipman,  D. 
J.  Gapped  BLAST  and  PSI-BLAST:  a  new  generation  of  protein  database  search  programs. 
Nucleic  Acids  Res.  25:  3389-402,  1997. 


20 


36.  Kurebayashi,  J.,  Otsuki,  T.,  Kunisue,  H.,  Tanaka,  K.,  Yamamoto,  S.,  and  Sonoo,  H.  Expression 
levels  of  estrogen  receptor-alpha,  estrogen  receptor-beta,  coactivators,  and  corepressors  in  breast 
cancer,  Clin  Cancer  Res.  6:  512-8,  2000. 

37.  Leygue,  E.,  Dotzlaw,  H.,  Watson,  P.  H.,  and  Murphy,  L.  C.  Altered  estrogen  receptor  alpha  and 
beta  messenger  RNA  expression  during  human  breast  tumorigenesis,  Cancer  Res.  58:  3197-201, 
1998. 

38.  Ricketts,  D.,  Turnbull,  L.,  Ryall,  G.,  Bakhshi,  R.,  Rawson,  N.  S.,  Gazet,  J.  C.,  Nolan,  C.,  and 
Coombes,  R.  C.  Estrogen  and  progesterone  receptors  in  the  normal  female  breast.  Cancer  Res. 

57;  1817-22,  1991. 

39.  Khan,  S.  A.,  Rogers,  M.  A.,  Khurana,  K.  K.,  Meguid,  M.  M.,  and  Numann,  P.  J.  Estrogen 
receptor  expression  in  benign  breast  epithelium  and  breast  cancer  risk  [see  comments],  J  Natl 
Cancer  Inst.  90:  37-42,  1998. 

40.  Mauri,  F.  A.,  Caffo,  O.,  Veronese,  S.,  Verderio,  P.,  Boracchi,  P.,  Bonzanini,  M.,  Rossi,  N., 
Perrone,  G.,  Dalla  Palma,  P.,  and  Barbareschi,  M.  Tissue  carcinoembryonic  antigen  and 
oestrogen  receptor  status  in  breast  carcinoma:  an  immunohistochemical  study  of  clinical 
outcome  in  a  series  of  252  patients  with  long-term  follow-up,  Br  J  Cancer.  77;  1661-8,  1998. 

41.  Biesterfeld,  S.,  Kluppel,  D.,  Koch,  R.,  Schneider,  S.,  Steinhagen,  G.,  Mihalcea,  A.  M.,  and 
Schroder,  W.  Rapid  and  prognostically  valid  quantification  of  immunohistochemical  reactions  by 
immunohistometry  of  the  most  positive  tumour  focus.  A  prospective  follow-up  study  on  breast 
cancer  using  antibodies  against  MIB-1,  PCNA,  ER,  and  PR,  J  Pathol.  185:  25-31,  1998. 

42.  Russo,  J.,  Hu,  Y.  F.,  Yang,  X.,  and  Russo,  I.  H.  Developmental,  cellular,  and  molecular  basis  of 
human  breast  cancer  [In  Process  Citation],  J  Natl  Cancer  Inst  Monogr.  27:  17-37, 2000. 

43.  Kao,  C.  Y.,  Nomata,  K.,  Oakley,  C.  S.,  Welsch,  C.  W.,  and  Chang,  C.  C.  Two  types  of  normal 
human  breast  epithelial  cells  derived  from  reduction  mammoplasty:  phenotypic  characterization 
and  response  to  SV40  transfection.  Carcinogenesis.  16:  531-8, 1995. 

44.  Kao,  C.  Y.,  Oakley,  C.  S.,  Welsch,  C.  W.,  and  Chang,  C.  C.  Growth  requirements  and  neoplastic 
transformation  of  two  types  of  normal  human  breast  epithelial  cells  derived  fi-om  reduction 
mammoplasty.  In  Vitro  Cell  Dev  Biol  Anim.  33:  282-8,  1997. 

45.  Daniel,  W.  W.  Biostatistics:  A  foundation  for  analysis  in  the  health  sciences.  Fourth  edition,  p. 
734.  New  York:  John  Wiley  &  Sons,  1987. 

46.  Speirs,  V.,  Adams,  I.  P.,  Walton,  D.  S.,  and  Atkin,  S.  L.  Identification  of  wild-type  and  exon  5 
deletion  variants  of  estrogen  receptor  beta  in  normal  human  mammary  gland,  J  Clin  Endocrinol 
Metab.  85:  1601-5,  2000. 

47.  Speirs,  V.,  Parkes,  A.  T.,  Kerin,  M.  J.,  Walton,  D.  S.,  Carleton,  P.  J.,  Fox,  J.  N.,  and  Atkin,  S.  L. 
Coexpression  of  estrogen  receptor  alpha  and  beta:  poor  prognostic  factors  in  human  breast 
cancer?.  Cancer  Res.  59:  525-8,  1999. 

48.  Jarvinen,  T.  A.,  Pelto-Huikko,  M.,  Holli,  K.,  and  Isola,  J.  Estrogen  receptor  beta  is  coexpressed 
with  ERalpha  and  PR  and  associated  with  nodal  status,  grade,  and  proliferation  rate  in  breast 
cancer.  Am  J  Pathol.  156:  29-35,  2000. 

49.  Knowlden,  J.  M.,  Gee,  J.  M.,  Robertson,  J.  F.,  Ellis,  I.  O.,  and  Nicholson,  R.  I.  A  possible 
divergent  role  for  the  oestrogen  receptor  alpha  and  beta  subtypes  in  clinical  breast  cancer,  Int  J 
Cancer.  89:  209-12,  2000. 

50.  Chevillard,  S.,  Muller,  A.,  Levalois,  C.,  Laine-Bidron,  C.,  Vielh,  P.,  and  Magdelenat,  H.  Reverse 
transcription-polymerase  chain  reaction  (RT-PCR)  assays  of  estrogen  and  progesterone  receptors 
in  breast  cancer.  Breast  Cancer  Res  Treat.  41:  81-9,  1996. 

51.  Jiang,  S.  Y.,  Wolf,  D.  M.,  Yingling,  J.  M.,  Chang,  C.,  and  Jordan,  V.  C.  An  estrogen  receptor 
positive  MCF-7  clone  that  is  resistant  to  antiestrogens  and  estradiol.  Mol  Cell  Endocrinol.  90: 
77-86,  1992. 


21 


52.  Nicholson,  S.,  Wright,  C.,  Sainsbury,  J.  R.,  Halcrow,  P.,  Kelly,  P.,  Angus,  B.,  Famdon,  J.  R.,  and 
Harris,  A.  L.  Epidermal  growth  factor  receptor  (EGFr)  as  a  marker  for  poor  prognosis  in  node¬ 
negative  breast  cancer  patients:  neu  and  tamoxifen  failure,  J  Steroid  Biochem  Mol  Biol.  57.'  81 1- 
4,  1990. 

53.  Wright,  C.,  Nicholson,  S.,  Angus,  B.,  Sainsbury,  J.  R.,  Famdon,  J.,  Cairns,  J.,  Harris,  A.  L.,  and 
Home,  C.  H.  Relationship  between  c-erbB-2  protein  product  expression  and  response  to 
endocrine  therapy  in  advanced  breast  cancer,  Br  J  Cancer.  65:  118-21,  1992. 

54.  Borg,  A.,  Baldetorp,  B.,  Femo,  M.,  Killander,  D.,  Olsson,  H.,  Ryden,  S.,  and  Sigurdsson,  H. 
ERBB2  amplification  is  associated  with  tamoxifen  resistance  in  steroid-  receptor  positive  breast 
cancer.  Cancer  Lett.  81:  137-44, 1994. 

55.  Osborne,  C.  K.,  Coronado,  E.  B.,  and  Robinson,  J.  P.  Human  breast  cancer  in  the  athymic  nude 
mouse:  cytostatic  effects  of  long-term  antiestrogen  therapy,  Eur  J  Cancer  Clin  Oncol.  23:  1189- 
96,  1987. 

56.  Gottardis,  M.  M.  and  Jordan,  V.  C.  Development  of  tamoxifen-stimulated  growth  of  MCF-7 
tumors  in  athymic  mice  after  long-term  antiestrogen  administration.  Cancer  Res.  48:  5183-7, 
1988. 

57.  Osborne,  C.  K.,  Coronado,  E.,  Allred,  D.  C.,  Wiebe,  V.,  and  DeGregorio,  M.  Acquired  tamoxifen 
resistance:  correlation  with  reduced  breast  tumor  levels  of  tamoxifen  and  isomerization  of  trans- 
4-hydroxytamoxifen  [see  comments],  J  Natl  Cancer  Inst.  83:  1477-82,  1991. 

58.  Wolf,  D.  M.,  Langan-Fahey,  S.  M.,  Parker,  C.  J.,  McCague,  R.,  and  Jordan,  V.  C.  Investigation 
of  the  mechanism  of  tamoxifen-stimulated  breast  tiunor  growth  with  nonisomerizable  analogues 
of  tamoxifen  and  metabolites,  J  Natl  Cancer  Inst.  85:  806-12,  1993. 

59.  Wolf,  D.  M.  and  Jordan,  V.  C.  Characterization  of  tamoxifen  stimulated  MCF-7  tumor  variants 
grown  in  athymic  mice,  Breast  Cancer  Res  Treat.  31:  117-27, 1994. 

60.  Coutts,  A.  S.  and  Murphy,  L.  C.  Elevated  mitogen-activated  protein  kinase  activity  in  estrogen- 
nonresponsive  human  breast  cancer  cells.  Cancer  Res.  58:  4071-4, 1998. 

61.  Benz,  C.  C.,  Scott,  G.  K.,  Samp,  J.  C.,  Johnson,  R.  M.,  Tripathy,  D.,  Coronado,  E.,  Shepard,  H. 
M.,  and  Osborne,  C.  K.  Estrogen-dependent,  tamoxifen-resistant  tumorigenic  growth  of  MCF-7 
cells  transfected  with  HER2/neu,  Breast  Cancer  Res  Treat.  24:  85-95,  1993. 

62.  Pietras,  R.  J.,  Arboleda,  J.,  Reese,  D.  M.,  Wongvipat,  N.,  Pegram,  M.  D.,  Ramos,  L.,  Gorman,  C. 
M.,  Parker,  M.  G.,  Sliwkowski,  M.  X.,  and  Slamon,  D.  J.  HER-2  tyrosine  kinase  pathway  targets 
estrogen  receptor  and  promotes  hormone-independent  growth  in  human  breast  cancer  cells. 
Oncogene.  10:  2435-46,  1995. 

63.  Kato,  S.,  Endoh,  H.,  Masuhiro,  Y.,  Kitamoto,  T.,  Uchiyama,  S.,  Sasaki,  H.,  Masushige,  S., 

Gotoh,  Y.,  Nishida,  E.,  Kawashima,  H.,  and  et  al.  Activation  of  the  estrogen  receptor  through 
phosphorylation  by  mitogen-  activated  protein  kinase.  Science.  270:  1491-4,  1995. 

64.  Bunone,  G.,  Briand,  P.  A.,  Miksicek,  R.  J.,  and  Picard,  D.  Activation  of  the  unliganded  estrogen 
receptor  by  EGF  involves  the  MAP  kinase  pathway  and  direct  phosphorylation,  Embo  J.  15: 
2174-83,  1996. 

65.  Joel,  P.  B.,  Smith,  J.,  Sturgill,  T.  W.,  Fisher,  T.  L.,  Blenis,  J.,  and  Lannigan,  D.  A.  pp90rskl 
regulates  estrogen  receptor-mediated  transcription  through  phosphorylation  of  Ser-167,  Mol  Cell 
Biol.  18:  1978-84,  1998. 

66.  Joel,  P.  B.,  Traish,  A.  M.,  and  Lannigan,  D.  A.  Estradiol-induced  phosphorylation  of  serine  118 
in  the  estrogen  receptor  is  independent  of  p42/p44  mitogen-activated  protein  kinase,  J  Biol 
Chem.  273.- 13317-23, 1998. 

67.  Wang,  B.,  Kennan,  W.  S.,  Yasukawa-Bames,  J.,  Lindstrom,  M.  J.,  and  Gould,  M.  N.  Frequent 
induction  of  mammary  carcinomas  following  neu  oncogene  transfer  into  in  situ  mammary 
epithelial  cells  of  susceptible  and  resistant  rat  strains.  Cancer  Res.  51:  5649-54,  1991. 


22 


68.  Wang,  B.,  Kennan,  W.  S.,  Yasukawa-Bames,  J.,  Lindstrom,  M.  J.,  and  Gould,  M.  N.  Difference 
in  the  response  of  neu  and  ras  oncogene-induced  rat  mammary  carcinomas  to  early  and  late 
ovariectomy.  Cancer  Res.  52:  4102-5, 1992. 

69.  Thompson,  T.  A.,  Kim,  K.,  and  Gould,  M.  N.  Harvey  ras  results  in  a  higher  frequency  of 
mammary  carcinomas  than  Kirsten  ras  after  direct  retroviral  transfer  into  the  rat  mammary  gland. 
Cancer  Res.  58:  5097-104,  1998. 

70.  Hong,  H.,  Yang,  L.,  and  Stallcup,  M.  R.  Hormone-independent  transcriptional  activation  and 
coactivator  binding  by  novel  orphan  nuclear  receptor  ERR3,  J  Biol  Chem.  274:  22618-26,  1999. 

71.  Horwitz,  K.  B.,  Jackson,  T.  A.,  Bain,  D.  L.,  Richer,  J.  K.,  Takimoto,  G.  S.,  and  Tung,  L.  Nuclear 
receptor  coactivators  and  corepressors.  Mol  Endocrinol.  10:  1 167-77, 1996. 

72.  Chen,  J.  D.  and  Li,  H.  Coactivation  and  corepression  in  transcriptional  regulation  by 
steroid/nuclear  hormone  receptors,  Crit  Rev  Eukaryot  Gene  Expr.  8:  169-90,  1998. 

73.  Jenster,  G.  Coactivators  and  corepressors  as  mediators  of  nuclear  receptor  function:  an  update. 
Mol  Cell  Endocrinol.  148:  1-7,  1998. 

74.  Gossen,  M.  and  Bujard,  H.  Tight  control  of  gene  expression  in  mammalian  cells  by  tetracycline- 
responsive  promoters,  Proc  Natl  Acad  Sci  USA.  89:  5547-51,  1992. 

75.  Baron,  U.,  Freundlieb,  S.,  Gossen,  M.,  and  Bujard,  H.  Co-regulation  of  two  gene  activities  by 
tetracycline  via  a  bidirectional  promoter.  Nucleic  Acids  Res.  28:  3605-6,  1995. 

76.  Lavinsky,  R.  M.,  Jepsen,  K.,  Heinzel,  T.,  Torchia,  J.,  Mullen,  T.  M.,  Schiff,  R.,  Del-Rio,  A.  L., 
Ricote,  M.,  Ngo,  S.,  Gemsch,  J.,  Hilsenbeck,  S.  G.,  Osborne,  C.  K.,  Glass,  C.  K.,  Rosenfeld,  M. 
G.,  and  Rose,  D.  W.  Diverse  signaling  pathways  modulate  nuclear  receptor  recruitment  of  N- 
CoR  and  SMRT  complexes,  Proc  Natl  Acad  Sci  USA.  95:  2920-5, 1998. 

77.  Thor,  A.  D.,  Liu,  S.,  Edgerton,  S.,  Moore,  D.,  2nd,  Kasowitz,  K.  M.,  Benz,  C.  C.,  Stem,  D.  F., 
and  DiGiovanna,  M.  P.  Activation  (Tyrosine  Phosphorylation)  of  ErbB-2  (HER-2/neu):  A  Study 
of  Incidence  and  Correlation  With  Outcome  in  Breast  Cancer,  J  Clin  Oncol.  18:  3230-3239, 

2000. 

78.  Bonnelye,  E.,  Vanacker,  J.  M.,  Dittmar,  T.,  Begue,  A.,  Desbiens,  X.,  Denhardt,  D.  T.,  Aubin,  J. 
E.,  Laudet,  V.,  and  Fournier,  B.  The  ERR-1  orphan  receptor  is  a  transcriptional  activator 
expressed  during  bone  development.  Mol  Endocrinol.  11:  905-16,  1997. 

79.  Vanacker,  J.  M.,  Delmarre,  C.,  Guo,  X.,  and  Laudet,  V.  Activation  of  the  osteopontin  promoter 
by  the  orphan  nuclear  receptor  estrogen  receptor  related  alpha.  Cell  Growth  Differ.  9:  1007-14, 
1998. 

80.  Perier,  R.  C.,  Praz,  V.,  Junier,  T.,  Bonnard,  C.,  and  Bucher,  P.  The  eukaryotic  promoter  database 
(EPD),  Nucleic  Acids  Res.  28:  302-3,  2000. 

81.  Yang,  C.  and  Chen,  S.  Two  organochlorine  pesticides,  toxaphene  and  chlordane,  are  antagonists 
for  estrogen-related  receptor  alpha-1  orphan  receptor.  Cancer  Res.  59:  4519-24, 1999. 

82.  Xie,  W.,  Hong,  H.,  Yang,  N.  N.,  Lin,  R.  J.,  Simon,  C.  M.,  Stallcup,  M.  R.,  and  Evans,  R.  M. 
Constitutive  activation  of  transcription  and  binding  of  coactivator  by  estrogen-related  receptors  1 
and  2,  Mol  Endocrinol.  18:  2151-62, 1999. 

83.  Miki,  Y.,  Swensen,  J.,  Shattuck-Eidens,  D.,  Futreal,  P.  A.,  Harshman,  K.,  Tavtigian,  S.,  Liu,  Q., 
Cochran,  C.,  Bennett,  L.  M.,  Ding,  W.,  and  et  al.  A  strong  candidate  for  the  breast  and  ovarian 
cancer  susceptibility  gene  BRCAl,  Science.  266:  66-71,  1994. 

84.  Futreal,  P.  A.,  Liu,  Q.,  Shattuck-Eidens,  D.,  Cochran,  C.,  Harshman,  K.,  Tavtigian,  S.,  Bennett, 

L.  M.,  Haugen-Strano,  A.,  Swensen,  J.,  Miki,  Y.,  and  et  al.  BRCAl  mutations  in  primary  breast 
and  ovarian  carcinomas.  Science.  266:  120-2, 1994. 

85.  Armes,  J.  E.,  Tmte,  L.,  White,  D.,  Southey,  M.  C.,  Hammet,  F.,  Tesoriero,  A.,  Hutchins,  A.  M., 
Dite,  G.  S.,  McCredie,  M.  R.,  Giles,  G.  G.,  Hopper,  J.  L.,  and  Venter,  D.  J.  Distinct  molecular 
pathogeneses  of  early-onset  breast  cancers  in  BRCAl  and  BRCA2  mutation  carriers:  a 
population-based  study.  Cancer  Res.  59:  2011-7,  1999. 


23 


86.  Szabo,  C.  I.  and  King,  M.  C.  Inherited  breast  and  ovarian  cancer,  Hum  Mol  Genet.  4:  1811-7, 

1995. 

87.  Xu,  C.  F.,  Chambers,  J.  A.,  and  Solomon,  E.  Complex  regulation  of  the  BRCAl  gene,  J  Biol 
Chem.  272:  20994-7, 1997. 

88.  Gudas,  J.  M.,  Nguyen,  H.,  Li,  T.,  and  Cowan,  K.  H.  Hormone-dependent  regulation  of  BRCAl 
in  human  breast  cancer  cells.  Cancer  Res.  55:  4561-5,  1995. 

89.  Marquis,  S.  T.,  Rajan,  J.  V.,  Wynshaw-Boris,  A.,  Xu,  J.,  Yin,  G.  Y.,  Abel,  K.  J.,  Weber,  B.  L., 
and  Chodosh,  L.  A.  The  developmental  pattern  of  Brcal  expression  implies  a  role  in 
differentiation  of  the  breast  and  other  tissues,  Nat  Genet.  11:  17-26,  1995. 

90.  Romagnolo,  D.,  Annab,  L.  A.,  Thompson,  T.  E.,  Risinger,  J.  I.,  Terry,  L.  A.,  Barrett,  J.  C.,  and 
Afshari,  C.  A.  Estrogen  upregulation  of  BRCAl  expression  with  no  effect  on  localization.  Mol 
Carcinog.  22:  102-9, 1998. 

91.  Roman,  S.  D.,  Ormandy,  C.  J.,  Manning,  D.  L.,  Blarney,  R.  W.,  Nicholson,  R.  L,  Sutherland,  R. 

L. ,  and  Clarke,  C.  L.  Estradiol  induction  of  retinoic  acid  receptors  in  human  breast  cancer  cells. 
Cancer  Res.  53:  5940-5,  1993. 

92.  Spillman,  M.  A.  and  Bowcock,  A.  M.  BRCAl  and  BRCA2  mRNA  levels  are  coordinately 
elevated  in  human  breast  cancer  cells  in  response  to  estrogen.  Oncogene.  13:  1639-45,  1996. 

93.  Rochefort,  H.  Cathepsin  D  in  breast  cancer.  Breast  Cancer  Res  Treat.  16:  3-13,  1990. 

94.  Spyratos,  F.,  Martin,  P.  M.,  Hacene,  K.,  Remain,  S.,  Andrieu,  C.,  Ferrero-Pous,  M.,  Deytieux,  S., 
Le  Doussal,  V.,  Tubiana-Hulin,  M.,  and  Brunet,  M.  Multiparametric  prognostic  evaluation  of 
biological  factors  in  primary  breast  cancer,  J  Natl  Cancer  Inst.  84:  1266-72,  1992. 

95.  Westley,  B.  R.  and  May,  F.  E.  Oestrogen  regulates  cathepsin  D  mRNA  levels  in  oestrogen 
responsive  human  breast  cancer  cells,  Nucleic  Acids  Res.  15:  3773-^6, 1987. 

96.  Augereau,  P.,  Miralles,  F.,  Cavailles,  V.,  Gaudelet,  C.,  Parker,  M.,  and  Rochefort,  H. 
Characterization  of  the  proximal  estrogen-responsive  element  of  human  cathepsin  D  gene.  Mol 
Endocrinol.  8:  693-703,  1994. 

97.  Cavailles,  V.,  Augereau,  P.,  Garcia,  M.,  and  Rochefort,  H.  Estrogens  and  growth  factors  induce 
the  mRNA  of  the  52K-pro-cathepsin-D  secreted  by  breast  cancer  cells.  Nucleic  Acids  Res.  16: 
1903-19,  1988. 

98.  Cavailles,  V.,  Augereau,  P.,  and  Rochefort,  H.  Cathepsin  D  gene  of  human  MCF7  cells  contains 
estrogen-responsive  sequences  in  its  5'  proximal  flanking  region,  Biochem  Biophys  Res 
Commun.  174:  816-24,  1991. 

99.  Cavailles,  V.,  Augereau,  P.,  and  Rochefort,  H.  Cathepsin  D  gene  is  controlled  by  a  mixed 
promoter,  and  estrogens  stimulate  only  TATA-dependent  transcription  in  breast  cancer  cells, 

Proc  Natl  Acad  Sci  USA.  90:  203-7,  1993. 

100.  Krishnan,  V.,  Wang,  X.,  and  Safe,  S.  Estrogen  receptor-Spl  complexes  mediate  estrogen- 
induced  cathepsin  D  gene  expression  in  MCF-7  human  breast  cancer  cells,  J  Biol  Chem.  269: 
15912-7,  1994. 

101.  Rochefort,  H.,  Cavailles,  V.,  Augereau,  P.,  Capony,  F.,  Maudelonde,  T.,  Touitou,  L,  and  Garcia, 

M.  Overexpression  and  hormonal  regulation  of  pro-cathepsin  D  in  mammary  and  endometrial 
cancer,  J  Steroid  Biochem.  34:  177-82, 1989. 

102.  Reed,  W.,  Fllrenes,  V.  A.,  Holm,  R.,  Hannisdal,  E.,  and  Nesland,  J.  M.  Elevated  levels  of  p27, 
p21  and  cyclin  D1  correlate  with  positive  oestrogen  and  progesterone  receptor  status  in  node¬ 
negative  breast  carcinoma  patients,  Virchows  Arch.  435:  116-24,  1999. 

103.  Seshadri,  R.,  Lee,  C.  S.,  Hui,  R.,  McCaul,  K.,  Horsfall,  D.  J.,  and  Sutherland,  R.  L.  Cyclin  DI 
amplification  is  not  associated  with  reduced  overall  survival  in  primary  breast  cancer  but  may 
predict  early  relapse  in  patients  with  features  of  good  prognosis,  Clin  Cancer  Res.  2:  1 177-84, 

1996. 


24 


104.  Fredersdorf,  S.,  Bums,  J.,  Milne,  A.  M.,  Packham,  G.,  Fallis,  L.,  Gillett,  C.  E.,  Royds,  J.  A., 
Peston,  D.,  Hall,  P.  A.,  Hanby,  A.  M.,  Bames,  D.  M.,  Shousha,  S.,  O'Hare,  M.  J.,  and  Lu,  X. 
High  level  expression  of  p27(kipl)  and  cyclin  D1  in  some  human  breast  cancer  cells:  inverse 
correlation  between  the  expression  of  p27(kipl)  and  degree  of  malignancy  in  human  breast  and 
colorectal  cancers,  Proc  Natl  Acad  Sci  USA.  94:  6380-5,  1997. 

105.  Pelosio,  P.,  Barbareschi,  M.,  Bonoldi,  E.,  Marchetti,  A.,  Verderio,  P.,  Caffo,  O.,  Bevilacqua,  P., 
Boracchi,  P.,  Buttitta,  F.,  Barbazza,  R.,  Dalla  Palma,  P.,  and  Gasparini,  G.  Clinical  significance 
of  cyclin  D1  expression  in  patients  with  node-  positive  breast  carcinoma  treated  with  adjuvant 
therapy,  Ann  Oncol.  7:  695-703, 1996. 

106.  McIntosh,  G.  G.,  Anderson,  J.  J.,  Milton,  I.,  Steward,  M.,  Parr,  A.  H.,  Thomas,  M.  D.,  Henry,  J. 
A.,  Angus,  B.,  Lennard,  T.  W.,  and  Home,  C.  H.  Determination  of  the  prognostic  value  of  cyclin 
D1  overexpression  in  breast  cancer.  Oncogene.  11:  885-91,  1995. 

107.  Said,  T.  K.,  Conneely,  O.  M.,  Medina,  D.,  O'Malley,  B.  W.,  and  Lydon,  J.  P.  Progesterone,  in 
addition  to  estrogen,  induces  cyclin  D1  expression  in  the  murine  mammary  epithelial  cell,  in 
vivo.  Endocrinology.  138:  3933-9, 1997. 

108.  Sabhah,  M.,  Courilleau,  D.,  Mester,  J.,  and  Redeuilh,  G.  Estrogen  induction  of  the  cyclin  D1 
promoter:  involvement  of  a  cAMP  response-like  element,  Proc  Natl  Acad  Sci  USA.  96:  11217- 
22,  1999. 

109.  Geum,  D.,  Sun,  W.,  Paik,  S.  K.,  Lee,  C.  C.,  and  Kim,  K.  Estrogen-induced  cyclin  D1  and  D3 
gene  expressions  during  mouse  uterine  cell  proliferation  in  vivo:  differential  induction 
mechanism  of  cyclin  D1  and  D3,  Mol  Reprod  Dev.  46:  450-8,  1997. 

110.  Querzoli,  P.,  Ferretti,  S.,  Albonico,  G.,  Magri,  E.,  Scapoli,  D.,  Indelli,  M.,  and  Nenci,  I. 
Application  of  quantitative  analysis  to  biologic  profile  evaluation  in  breast  cancer.  Cancer.  76: 
2510-7, 1995. 

111.  Hupperets,  P.  S.,  Volovics,  L.,  Schouten,  L.  J.,  Jager,  J.  J.,  Schouten,  H.  C.,  Hillen,  H.  F.,  and 
Blijham,  G.  H.  The  prognostic  significance  of  steroid  receptor  activity  in  tumor  tissues  of 
patients  with  primary  breast  cancer.  Am  J  Clin  Oncol.  20:  546-51, 1997. 

112.  Donaghue,  C.,  Westley,  B.  R.,  and  May,  F.  E.  Selective  promoter  usage  of  the  human  estrogen 
receptor-alpha  gene  and  its  regulation  by  estrogen.  Mol  Endocrinol.  13:  1934-50,  1999. 

113.  Read,  L.  D.,  Greene,  G.  L.,  and  Katzenellenbogen,  B.  S.  Regulation  of  estrogen  receptor 
messenger  ribonucleic  acid  and  protein  levels  in  human  breast  cancer  cell  lines  by  sex  steroid 
hormones,  their  antagonists,  and  growth  factors.  Mol  Endocrinol.  3:  295-304, 1989. 

114.  Tang,  Z.,  Treilleux,  I.,  and  Brown,  M.  A  transcriptional  enhancer  required  for  the  differential 
expression  of  the  human  estrogen  receptor  in  breast  cancers.  Mol  Cell  Biol.  1 7:  1274-80,  1997. 

115.  Spitzer,  E.,  Koepke,  K.,  Kunde,  D.,  and  Grosse,  R.  EGF  binding  is  quantitatively  related  to 
growth  in  node-positive  breast  cancer.  Breast  Cancer  Res  Treat.  12:  45-9,  1988. 

116.  Mizukami,  Y.,  Nonomura,  A.,  Noguchi,  M.,  Taniya,  T.,  Koyasaki,  N.,  Saito,  Y.,  Hashimoto,  T., 
Matsubara,  F.,  and  Yanaihara,  N.  Immunohistochemical  study  of  oncogene  product  ras  p21,  c- 
myc  and  growth  factor  EGF  in  breast  carcinomas.  Anticancer  Res.  11:  1485-94,  1991. 

117.  Torrisi,  R.,  Zanardi,  S.,  Pensa,  F.,  Valenti,  G.,  De  Franchis,  V.,  Nicolo,  G.,  Barreca,  A.,  Minuto, 
F.,  and  Boccardo,  F.  Epidermal  growth  factor  content  of  breast  cyst  fluids  from  women  with 
breast  cancer  or  proliferative  disease  of  the  breast.  Breast  Cancer  Res  Treat.  33:  219-24,  1995. 

118.  Adnane,  J.,  Gaudray,  P.,  Simon,  M.  P.,  Simony-Lafontaine,  J.,  Jeanteur,  P.,  and  Theillet,  C. 
Proto-oncogene  amplification  and  human  breast  tumor  phenotype.  Oncogene.  4:  1389-95, 1989. 

119.  Fioravanti,  L.,  Cappelletti,  V.,  Coradini,  D.,  Miodini,  P.,  Borsani,  G.,  Daidone,  M.  G.,  and  Di 
Fronzo,  G.  int-2  oncogene  amplification  and  prognosis  in  node-negative  breast  carcinoma,  Int  J 
Cancer.  74:  620-4,  1997. 


25 


120.  Garcia,  I.,  Dietrich,  P.  Y.,  Aapro,  M.,  Vauthier,  G.,  Vadas,  L.,  and  Engel,  E.  Genetic  alterations 
of  c-myc,  c-erbB-2,  and  c-Ha-ras  protooncogenes  and  clinical  associations  in  human  breast 
carcinomas.  Cancer  Res.  49:  6675-9,  1989. 

121 .  Bems,  E.  M.,  Foekens,  J.  A.,  van  Putten,  W.  L.,  van  Staveren,  I.  L.,  Portengen,  H.,  de  Koning, 

W.  C.,  and  Klijn,  J.  G.  Prognostic  factors  in  human  primary  breast  cancer:  comparison  of  c-myc 
and  HER2/neu  amplification,  J  Steroid  Biochem  Mol  Biol.  43:  13-9,  1992. 

122.  Bems,  E.  M.,  Klijn,  J.  G.,  van  Putten,  W.  L.,  van  Staveren,  I.  L.,  Portengen,  H.,  and  Foekens,  J. 

A.  c-myc  amplification  is  a  better  prognostic  factor  than  HER2/neu  amplification  in  primary 
breast  cancer.  Cancer  Res.  52:  1107-13, 1992. 

123.  Panico,  L.,  D'Antonio,  A.,  Salvatore,  G.,  Mezza,  E.,  Tortora,  G.,  De  Laurentiis,  M.,  De  Placido, 
S.,  Giordano,  T.,  Merino,  M.,  Salomon,  D.  S.,  Mullick,  W.  J.,  Pettinato,  G.,  Schnitt,  S.  J.,  Bianco, 
A.  R.,  and  Ciardiello,  F.  Differential  immunohistochemical  detection  of  transforming  growth 
factor  alpha,  amphiregulin  and  CRIPTO  in  human  normal  and  malignant  breast  tissues,  Int  J 
Cancer.  <55.- 51-6,  1996. 

124.  Depowski,  P.  L.,  Brien,  T.  P.,  Sheehan,  C.  E.,  Stylos,  S.,  Johnson,  R.  L.,  and  Ross,  J.  S. 
Prognostic  significance  of  p34cdc2  cyclin-dependent  kinase  and  MIBl  overexpression,  and 
HER-2/neu  gene  amplification  detected  by  fluorescence  in  situ  hybridization  in  breast  cancer. 

Am  J  Clin  Pathol.  112:  459-69,  1999. 

125.  Yarden,  R.  L,  Lauber,  A.  H.,  El-Ashry,  D.,  and  Chrysogelos,  S.  A.  Bimodal  regulation  of 
epidermal  growth  factor  receptor  by  estrogen  in  breast  cancer  cells.  Endocrinology.  137:  2739- 
47,  1996. 

126.  Russell,  K.  S.  and  Hung,  M.  C.  Transcriptional  repression  of  the  neu  protooncogene  by  estrogen 
stimulated  estrogen  receptor.  Cancer  Res.  52:  6624-9, 1992. 

127.  Antoniotti,  S.,  Tavema,  D.,  Maggiora,  P.,  Sapei,  M.  L.,  Hynes,  N.  E.,  and  De  Bortoli,  M. 
Oestrogen  and  epidermal  growth  factor  down-regulate  erbB-2  oncogene  protein  expression  in 
breast  cancer  cells  by  different  mechanisms,  Br  J  Cancer.  70:  1095-101, 1994. 

128.  Grunt,  T.  W.,  Saceda,  M.,  Martin,  M.  B.,  Lupu,  R.,  Dittrich,  E.,  Krupitza,  G.,  Harant,  H.,  Huber, 
H.,  and  Dittrich,  C.  Bidirectional  interactions  between  the  estrogen  receptor  and  the  cerbB-  2  . 
signaling  pathways:  heregulin  inhibits  estrogenic  effects  in  breast  cancer  cells,  Int  J  Cancer.  63: 
560-7,  1995. 

129.  Toropainen,  E.,  Lipponen,  P.,  and  Syijanen,  K.  Expression  of  insulin-like  growth  factor  I  (IGF-I) 
in  female  breast  cancer  as  related  to  established  prognostic  factors  and  long-term  prognosis,  Eur 
J  Cancer.  9:  1443-8,  1995. 

130.  Peyrat,  J.  P.,  Bonneterre,  J.,  Vermin,  P.  H.,  Jammes,  H.,  Beuscart,  R.,  Hecquet,  B.,  Djiane,  J., 
Lefebvre,  J.,  and  Demaille,  A.  Insulin-like  growth  factor  1  receptors  (IGFl-R)  and  IGFl  in 
human  breast  tumors,  J  Steroid  Biochem  Mol  Biol.  37:  823-7,  1990. 

131.  Umayahara,  Y.,  Kawamori,  R.,  Watada,  H.,  Imano,  E.,  Iwama,  N.,  Morishima,  T.,  Yamasaki,  Y., 
Kajimoto,  Y.,  and  Kamada,  T.  Estrogen  regulation  of  the  insulin- like  growth  factor  I  gene 
transcription  involves  an  AP-1  enhancer,  J  Biol  Chem.  269:  16433-42,  1994. 

132.  Yu,  H.,  Levesque,  M.  A.,  Khosravi,  M.  J.,  Papanastasiou-Diamandi,  A.,  Clark,  G.  M.,  and 
Diamandis,  E.  P.  Associations  between  insulin-like  growth  factors  and  their  binding  proteins  and 
other  prognostic  indicators  in  breast  cancer,  Br  J  Cancer.  74:  1242-7,  1996. 

133.  Toropainen,  E.  M.,  Lipponen,  P.  K.,  and  Syijanen,  K.  J.  Expression  of  insulin-like  growth  factor 
n  in  female  breast  cancer  as  related  to  established  prognostic  factors  and  long-term  prognosis. 
Anticancer  Res.  15:  2669-74,  1995. 

134.  Yee,  D.,  Cullen,  K.  J.,  Paik,  S.,  Perdue,  J.  F.,  Hampton,  B.,  Schwartz,  A.,  Lippman,  M.  E.,  and 
Rosen,  N.  Insulin-like  growth  factor  11  mRNA  expression  in  human  breast  cancer.  Cancer  Res. 

48:  6691-6,  1988. 


26 


135.  Osborne,  C.  K.,  Coronado,  E.  B.,  Kitten,  L.  J.,  Arteaga,  C.  L,  Fuqua,  S.  A.,  Ramasharma,  K., 
Marshall,  M.,  and  Li,  C.  H.  Insulin-like  growth  factor-II  (IGF-II):  a  potential  autocrine/paracrine 
growth  factor  for  human  breast  cancer  acting  via  the  IGF-I  receptor.  Mol  Endocrinol.  3:  1701-9, 
1989. 

136.  Turner,  B.  C.,  Haffty,  B.  G.,  Narayanan,  L.,  Yuan,  J.,  Havre,  P.  A.,  Gumbs,  A.  A.,  Kaplan,  L., 
Burgaud,  J.  L.,  Carter,  D.,  Baserga,  R.,  and  Glazer,  P.  M.  Insulin-like  growth  factor-I  receptor 
overexpression  mediates  cellular  radioresistance  and  local  breast  cancer  recurrence  after 
lumpectomy  and  radiation,  Cancer  Res.  57:  3079-83,  1997. 

137.  Railo,  M.  J.,  von  Smitten,  K.,  and  Pekonen,  F.  The  prognostic  value  of  insulin-like  growth 
factor-I  in  breast  cancer  patients.  Results  of  a  follow-up  study  on  126  patients,  Eur  J  Cancer.  3: 
307-11, 1994. 

138.  Papa,  V.,  Gliozzo,  B.,  Clark,  G.  M.,  McGuire,  W.  L.,  Moore,  D.,  Fujita-Yamaguchi,  Y.,  Vigneri, 
R.,  Goldfme,  I.  D.,  and  Pezzino,  V.  Insulin-like  growth  factor-I  receptors  are  overexpressed  and 
predict  a  low  risk  in  human  breast  cancer,  Cancer  Res.  53:  3736-40,  1993. 

139.  Bonneterre,  J.,  Peyrat,  J.  P.,  Beuscart,  R.,  and  Demaille,  A.  Prognostic  significance  of  insulin¬ 
like  growth  factor  1  receptors  in  human  breast  cancer.  Cancer  Res.  50:  6931-5,  1990. 

140.  Lee,  A.  V.,  Jackson,  J.  G.,  Gooch,  J.  L.,  Hilsenbeck,  S.  G.,  Coronado-Heinsohn,  E.,  Osborne,  C. 
K.,  and  Yee,  D.  Enhancement  of  insulin-like  growth  factor  signaling  in  human  breast  cancer: 
estrogen  regulation  of  insulin  receptor  substrate-1  expression  in  vitro  and  in  vivo.  Mol 
Endocrinol.  13:  787-96,  1999. 

141.  Jiang,  M.,  Shao,  Z.  M.,  Wu,  J.,  Lu,  J.  S.,  Yu,  L.  M.,  Yuan,  J.  D.,  Han,  Q.  X.,  Shen,  Z.  Z.,  and 
Fontana,  J.  A.  p21/wafl/cipl  and  mdm-2  expression  in  breast  carcinoma  patients  as  related  to 
prognosis,  Int  J  Cancer.  74:  529-34, 1997. 

142.  Gunther,  T.,  Schneider-Stock,  R.,  Rys,  J.,  Niezabitowski,  A.,  and  Roessner,  A.  p53  gene 
mutations  and  expression  of  p53  and  mdm2  proteins  in  invasive  breast  carcinoma.  A 
comparative  analysis  with  clinico-pathological  factors,  J  Cancer  Res  Clin  Oncol.  123:  388-94, 
1997. 

143.  Bautista,  S.,  Valles,  H.,  Walker,  R.  L.,  Anzick,  S.,  Zeillinger,  R.,  Meltzer,  P.,  and  Theillet,  C.  In 
breast  cancer,  amplification  of  the  steroid  receptor  coactivator  gene  AIBl  is  correlated  with 
estrogen  and  progesterone  receptor  positivity,  Clin  Cancer  Res.  4:  2925-9,  1998. 

144.  Sheikh,  M.  S.,  Shao,  Z.  M.,  Hussain,  A.,  and  Fontana,  J.  A.  The  p53-binding  protein  MDM2 
gene  is  differentially  expressed  in  human  breast  carcinoma.  Cancer  Res.  53:  3226-8,  1993. 

145.  Balleine,  R.  L.,  Earl,  M.  J.,  Greenberg,  M.  L.,  and  Clarke,  C.  L.  Absence  of  progesterone 
receptor  associated  with  secondary  breast  cancer  in  postmenopausal  women,  Br  J  Cancer.  79: 
1564-71,  1999. 

146.  Alexieva-Figusch,  J.,  Van  Putten,  W.  L.,  Blankenstein,  M.  A.,  Blonk-Van  Der  Wijst,  J.,  and 
Klijn,  J.  G.  The  prognostic  value  and  relationships  of  patient  characteristics,  estrogen  and 
progestin  receptors,  and  site  of  relapse  in  primary  breast  cancer.  Cancer.  61:  758-68,  1988. 

147.  Kastner,  P.,  Krust,  A.,  Turcotte,  B.,  Stropp,  U.,  Tora,  L.,  Gronemeyer,  H.,  and  Chambon,  P.  Two 
distinct  estrogen-regulated  promoters  generate  transcripts  encoding  the  two  functionally  different 
human  progesterone  receptor  forms  A  and  B,  Embo  J.  9:  1603-14,  1990. 

148.  Cho,  H.,  Aronica,  S.  M.,  and  Katzenellenbogen,  B.  S.  Regulation  of  progesterone  receptor  gene 
expression  in  MCF-7  breast  cancer  celts:  a  comparison  of  the  effects  of  cyclic  adenosine  3',5'- 
monophosphate,  estradiol,  insulin- like  growth  factor-I,  and  serum  factors.  Endocrinology.  134: 
658-64,  1994. 

149.  Bhatavdekar,  J.  M.,  Patel,  D.  D.,  Sherbet,  G.  V.,  Giri,  D.  D.,  Karelia,  N.  H.,  Vora,  H.  H.,  Shah, 

N.  G.,  Suthar,  T.  P.,  Nadkami,  S.  P.,  and  Balar,  D.  B.  Prognostic  significance  of  plasma  prolactin 
in  breast  cancer:  comparison  with  the  expression  of  c  erb  B-2  oncoprotein,  Eur  J  Surg  Oncol.  19: 
409-13,  1993. 


27 


150. 


Bhatavdekar,  J.  M.,  Patel,  D.  D.,  Karelia,  N.  H.,  Vora,  H.  H.,  Ghosh,  N.,  Shah,  N.  G.,  Balar,  D. 
B.,  and  Trivedi,  S.  N.  Tumor  markers  in  patients  with  advanced  breast  cancer  as  prognosticators: 
a  preliminary  study.  Breast  Cancer  Res  Treat.  30:  293-7,  1994. 

151.  Ormandy,  C.  J.,  Hall,  R.  E.,  Manning,  D.  L.,  Robertson,  J.  F.,  Blarney,  R.  W.,  Kelly,  P.  A., 
Nicholson,  R.  L,  and  Sutherland,  R.  L.  Coexpression  and  cross-regulation  of  the  prolactin 
receptor  and  sex  steroid  hormone  receptors  in  breast  cancer,  J  Clin  Endocrinol  Metab.  82:  3692- 
9, 1997. 

152.  Crombach,  G.,  Ingenhorst,  A.,  Gohring,  U.  J.,  Scharl,  A.,  Neuhaus,  W.,  Mobus,  V.,  and 
Schaeffer,  H.  J.  Expression  of  pS2  protein  in  breast  cancer.  Arch  Gynecol  Obstet.  253:  183-92, 
1993. 

153.  Manning,  D.  L.,  McClelland,  R.  A.,  Gee,  J.  M.,  Chan,  C.  M.,  Green,  C.  D.,  Blarney,  R.  W.,  and 
Nicholson,  R.  I.  The  role  of  four  oestrogen-responsive  genes,  pLIVl,  pS2,  pSYD3  and  pSYD8, 
in  predicting  responsiveness  to  endocrine  therapy  in  primary  breast  cancer,  Eur  J  Cancer.  10: 
1462-8,  1993. 

154.  Soubeyran,  I.,  Quenel,  N.,  Coindre,  J.  M.,  Bonichon,  F.,  Durand,  M.,  Wafflart,  J.,  and  Mauriac, 

L.  pS2  protein:  a  marker  improving  prediction  of  response  to  neoadjuvant  tamoxifen  in  post¬ 
menopausal  breast  cancer  patients,  Br  J  Cancer.  74:  1120-5,  1996. 

155.  Nunez,  A.  M.,  Berry,  M.,  Imler,  J.  L.,  and  Chambon,  P.  The  5'  flanking  region  of  the  pS2  gene 
contains  a  complex  enhancer  region  responsive  to  oestrogens,  epidermal  growth  factor,  a  tumour 
promoter  (TP A),  the  c-Ha-ras  oncoprotein  and  the  c-jun  protein,  Embo  J.  8:  823-9, 1989. 

156.  Berry,  M.,  Nunez,  A.  M.,  and  Chambon,  P.  Estrogen-responsive  element  of  the  human  pS2  gene 
is  an  imperfectly  palindromic  sequence,  Proc  Natl  Acad  Sci  USA.  86:  1218-22,  1989. 

157.  Brown,  A.  M.,  Jeltsch,  J.  M.,  Roberts,  M.,  and  Chambon,  P.  Activation  of  pS2  gene  transcription 
is  a  primary  response  to  estrogen  in  the  human  breast  cancer  cell  line  MCF-7,  Proc  Natl  Acad  Sci 
USA.  81:  6344-8,  1984. 

158.  Lazennec,  G.,  Alcorn,  J.  L.,  and  Katzenellenbogen,  B.  S.  Adenovirus-mediated  delivery  of  a 
dominant  negative  estrogen  receptor  gene  abrogates  estrogen-stimulated  gene  expression  and 
breast  cancer  cell  proliferation.  Mol  Endocrinol.  13:  969-80, 1999. 

159.  Roberts,  M.,  Wallace,  J.,  Jeltsch,  J.  M.,  and  Berry,  M.  The  5'  flanking  region  of  the  human  pS2 
gene  mediates  its  transcriptional  activation  by  estrogen  in  MCF-7  cells,  Biochem  Biophys  Res 
Commun.  151:  306-13,  1988. 

160.  Schuh,  T.  J.  and  Mueller,  G.  C.  Estrogen  receptor-dependent  formation  of  two  distinct 
multiprotein  complexes  on  the  human  pS2  gene  regulatory  segment.  Participation  of  a  c-fos 
related  protein.  Receptor.  3:  125-43, 1993. 

161.  Weaver,  C.  A.,  Springer,  P.  A.,  and  Katzenellenbogen,  B.  S.  Regulation  of  pS2  gene  expression 
by  affinity  labeling  and  reversibly  binding  estrogens  and  antiestrogens:  comparison  of  effects  on 
the  native  gene  and  on  pS2-chloramphenicol  acetyltransferase  fusion  genes  transfected  into 
MCF-7  human  breast  cancer  cells.  Mol  Endocrinol.  2:  936-45,  1988. 

162.  Rishi,  A.  K.,  Shao,  Z.  M.,  Baumann,  R.  G.,  Li,  X.  S.,  Sheikh,  M.  S.,  Kimura,  S.,  Bashirelahi,  N., 
and  Fontana,  J.  A.  Estradiol  regulation  of  the  human  retinoic  acid  receptor  alpha  gene  in  human 
breast  carcinoma  cells  is  mediated  via  an  imperfect  half-  palindromic  estrogen  response  element 
and  Spl  motifs,  Cancer  Res.  55:  4999-5006,  1995. 

163.  Sun,  G.,  Porter,  W.,  and  Safe,  S.  Estrogen-induced  retinoic  acid  receptor  alpha  1  gene 
expression:  role  of  estrogen  receptor-Spl  complex.  Mol  Endocrinol.  12:  882-90,  1998. 

164.  van  der  Leede,  B.  J.,  Folkers,  G.  E.,  van  den  Brink,  C.  E.,  van  der  Saag,  P.  T.,  and  van  der  Burg, 
B.  Retinoic  acid  receptor  alpha  1  iso  form  is  induced  by  estradiol  and  confers  retinoic  acid 
sensitivity  in  human  breast  cancer  cells.  Mol  Cell  Endocrinol.  109:  77-86,  1995. 

165.  Bieche,  L,  Nogues,  C.,  Paradis,  V.,  Olivi,  M.,  Bedossa,  P.,  Lidereau,  R.,  and  Vidaud,  M. 
Quantitation  of  hTERT  gene  expression  in  sporadic  breast  tumors  with  a  real-time  reverse 


28 


transcription-polymerase  ehain  reaetion  assay  [In  Proeess  Citation],  Clin  Caneer  Res.  6:  452-9, 
2000. 

166.  Clark,  G.  M.,  Osborne,  C.  K.,  Levitt,  D.,  Wu,  F.,  and  Kim,  N.  W.  Telomerase  activity  and 
survival  of  patients  with  node-positive  breast  cancer,  J  Natl  Cancer  Inst.  89:  1874-81,  1997. 

167.  Kolquist,  K.  A.,  Ellisen,  L.  W.,  Counter,  C.  M.,  Meyerson,  M.,  Tan,  L.  K.,  Weinberg,  R.  A., 
Haber,  D.  A.,  and  Gerald,  W.  L.  Expression  of  TERT  in  early  premalignant  lesions  and  a  subset 
of  cells  in  normal  tissues  [see  comments],  Nat  Genet.  19:  182-6,  1998. 

168.  Hoos,  A.,  Hepp,  H.  H.,  Kaul,  S.,  Ahlert,  T.,  Bastert,  G.,  and  Wallwiener,  D.  Telomerase  activity 
correlates  with  tumor  aggressiveness  and  reflects  therapy  effect  in  breast  cancer,  bit  J  Caneer. 

79:  8-12,  1998. 

169.  Yashima,  K.,  Milchgrub,  S.,  Gollahon,  L.  S.,  Maitra,  A.,  Sabo.orian,  M.  H.,  Shay,  J.  W.,  and 
Gazdar,  A.  F.  Telomerase  enzyme  activity  and  RNA  expression  during  the  multistage 
pathogenesis  of  breast  carcinoma,  Clin  Cancer  Res.  4:  229-34,  1998. 

170.  Roos,  G.,  Nilsson,  P.,  Cajander,  S.,  Nielsen,  N.  H.,  Amerlov,  C.,  and  Landberg,  G.  Telomerase 
aetivity  in  relation  to  p53  status  and  clinico-pathological  parameters  in  breast  cancer,  Int  J 
Cancer.  79:  343-8,  1998. 

171.  Mokbel,  K.,  Parris,  C.  N.,  Radboume,  R.,  Ghilchik,  M.,  and  Newbold,  R.  F.  Telomerase  activity 
and  prognosis  in  breast  cancer,  Eur  J  Surg  Oncol.  25:  269-72,  1999. 

172.  Rha,  S.  Y.,  Park,  K.  H.,  Kim,  T.  S.,  Yoo,  N.  C.,  Yang,  W.  L,  Rob,  J.  K.,  Min,  J.  S.,  Lee,  K.  S., 
Kim,  B.  S.,  Choi,  J.  H.,  Lim,  H.  Y.,  and  Chung,  H.  C.  Changes  of  telomerase  and  telomere 
lengths  in  paired  normal  and  cancer  tissues  of  breast,  Int  J  Oncol.  15:  839-45,  1999. 

173.  Carey,  L.  A.,  Kim,  N.  W.,  Goodman,  S.,  Marks,  J.,  Henderson,  G.,  Umbricht,  C.  B.,  Dome,  J.  S., 
Dooley,  W.,  Amshey,  S.  R.,  and  Sukumar,  S.  Telomerase  aetivity  and  prognosis  in  primary 
breast  eancers,  J  Clin  Oncol.  17:  3075-81, 1999. 

174.  Shpitz,  B.,  Zimlichman,  S.,  Zemer,  R.,  Bomstein,  Y.,  Zehavi,  T.,  Liverant,  S.,  Bemehim,  J., 
Kaufman,  Z.,  Klein,  E.,  Shapira,  Y.,  and  Klein,  A.  Telomerase  activity  in  ductal  carcinoma  in 
situ  of  the  breast.  Breast  Cancer  Res  Treat.  58:  65-9, 1999. 

175.  Kyo,  S.,  Takakura,  M.,  Kanaya,  T.,  Zhuo,  W.,  Fujimoto,  K.,  Nishio,  Y.,  Orimo,  A.,  and  Inoue, 
M.  Estrogen  activates  telomerase.  Cancer  Res.  59:  5917-21,  1999. 


29 


APPENDICES 


ERa 


PgR 


ERp 


ERRa 


ERRp 


ERRa/ERa  Ratio 


Horizontal  (X)  Axis:  Treatment 
E2: 10-9|VI  17-p-estradiol 
40HT:  10‘^M  4-hydroxytamoxifen 
ICI:  10-7M  ICM 82780 


Yaxis:  mRNA  expression  units 
(normalized  to  the  estradiol-independent 
36B4  gene  and  plotted  relative  to  the 
mean  of  the  MECs) 


Fig.  1.  Nuclear  receptor  levels  in  MCF-7:WS8  cells  as  determined  by  real-time  quantitative 
PCR.  Cells  were  seeded  in  estrogen-free  medium  [phenol  red-free/dextran-coated  charcoal- 
stripped  fetal  bovine  serum  (CS-FBS)]  and  treated  with  10'*  M  E2,  10'^  M  40HT,  10'^  M ICI- 
182780,  or  vehicle  alone  (control)  for  48  h.  Error  bars  represent  the  SDs  calculated  from 
triplicate  measurements  on  the  same  day.  This  experiment  has  been  independently  repeated 
with  similar  results. 
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Fig.  2.  Anti-ERRal 49-66  antibody-probed  Western 
blot  of  COS  cells  transfected  with  pExpERRal 
[N-terminal  “Express”  (Invitrogen)  epitope-tagged 
ERRal]  corresponding  to  full-length  (1-423)  and 
truncated  variants  as  indicated.  The  ERRal  144-423 
truncated  variant  does  not  contain  the  immunizing 
peptide  sequence  (ERRal 49.66). 
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Fig.  3.  EMSAs  of  ERRa  and  ERa  binding  to  the 
vitERE  probe  DNA.  ^^^ole-cell  extracts  of  COS  cells 
transfected  with  pRSV-ERRal  or  mock-transfected 
were  used  as  protein  sources. 
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ERRa/ERa  Ratio  (p  =  o.oi) 


Xaxis:  Tissue  type  Yaxis:  mRNA  expression  units  Horizontal  line: 
o  normal  MECs  (normalized  to  the  estradiol-  represents  the 

O  breast  carcinoma  independent  36B4  gene  and  median  value 

plotted  relative  to  the  mean  of  in  each  group 
the  MECs) 


Rvalues: 
determined  by 
Wilcoxon 
non-parametric 
rank  sum  test 


Fig.  4.  Nuclear  receptor  mRNA  levels  in  normal  MECs  and  breast  carcinomas  as  determined 
by  real-time  quantitative  PCR.  Error  bars  represent  the  SD  of  the  mean  from  triplicate 
measurements  on  the  same  day. 
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Table  1.  Spearman’s  Rank  Correlation  Coefficients  (ps)  for  breast  carcinoma 
properties.  Statistical  significance  at  (P  <  0.10)  *,  (P  <  0.05)  and  (P  <  0.01)  |. 
Significant  correlation  coefficients  involving  receptor  mRNAs,  other  than  with 
themselves,  are  bolded. 
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Fig.  5.  ERRa2  PCR  products  after  1  round  of 
amplification  in  nine  random  primary  breast  carcinomas 
and  a  pool  of  eight  normal  mammary  glands. 
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Cells:  CV-1 
Reporter:  pEREx3-luc 
■  1.0  |ig  pRSVnull 
□  0.5  pg  pRSV-ERRal  1-423 
H  1.0  pg  pRSV-ERRal  1-423 


B 


Cells:  MCF-7 
Reporter:  pEREx3-luc 
■  1.0  pg  pRSVnull 
0  0.5  pg  pRSV-ERRali-423 
0  1.0  pg  pRSV-ERRgl  1-423 
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Fig.  6.  ERRa  activates  transcription  in  CV-1  cells  (A)  and  represses 
transcription  in  MCF-7  cells  (B).  Cells  were  seeded  in  60-nim  dishes  in 
estrogen- free  media  two  days  prior  to  co-transfection  with  a  vector  encoding 
full-length  ERRal  (pRSV-ERRal)  and  the  reporter  plasmid  pEREx3-luc. 
Following  co-transfection,  cells  were  treated  as  indicated  for  72  h  and  harvested 
for  luciferase  and  protein  assays.  CS  (charcoal-stripped),  FBS  (fetal  bovine 
serum).  Luciferase  units  were  plotted  relative  to  reporter  gene  activity  in 
pRSVnull-transfected  cells  cultured  in  CS-FBS. 
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Fig.  7.  Modulation  of  ERRa-transactivation  potential  through  the  MARK 
pathway.  MCF-7  cells  were  seeded  in  22-nim  dishes  and  co-transfected  with 
pSFREx3-luc  and  the  indicated  amounts  (in  pg)  of  expression  vectors 
encoding  N-terminally  "Express"-epitope  tagged  (Invitrogen),  full-length 
ERRal  (pExpERRal  1.423),  C-terminal  truncated  ERRal  (pExpERRal  1.376),  c- 
erbBlqnc  (pJRneu),  and  dominant-negative  Bras  (pJRHras'DN)-  humediately 
following  co-transfection,  cells  were  treated  with  or  without  10'^  M ICI- 
182780  and  harvested  after  48  h  for  luciferase  and  protein  assays.  Luciferase 
units  were  plotted  relative  to  reporter  gene  activity  m  cells  cultured  without 
ICI-1 82780  (column  1). 
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Fig.  8.  Autoradiogram  of  SDS- 
PAGE  of  products  of  MAPK 
phosphorylation  reactions. 
Equimolar  amounts  of  the 
indicated  purified  proteins  were 
incubated  with  activated  MAPK 
and  [y-  P]ATP. 
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Prognostic  Status 
Reference(s) 


£2  Response 
Reference(s) 


Potential  ERRa-binding  Sequence 


ERRa 

Bound^ 


Aromatase 


BRCAl 


BRCA2 


cathepsin  D 


_ ERg _ 

ERP 


EGF 


FGF-3/i«/-2 


c-eriB2/HER-2/«eM 


IGFl 


IGF2  site  1  (IGF2-1) 
IGF2  site  2  (IGF2-2) 
IGF2  site  3  (IGF2-3) 


IGFIR 


MDM2 


PgR  site  1  (PgR-1) 
PgR  site  2  (PgR-2) 
PgR  site  3  (PgR-31) 

Prl  site  1  (Prl-1) 

Prl  site  2  (Prl-2) 

Prl  site  3  (Prl-3) 

Prl  site  4  (Prl-4) 

pS2  site  1  (pS2-l) 
pS2  site  2  (pS2-2) 

_ RARg _ 

TERT 


(83-86)  (87-92) 


(85. 86)  (92) 


(93,94)  (95-101) 


(107-109) 


(1,2,110,111)  I  (17,18,20,112- 


(37,  47) 


(115-117) 


(103,  118,  119) 


(110,  120-124) 


(129,  130) 


(132,  133) 


(130,  136-139) 


(141-143) 


(2,  110,  111,  145, 
146) 


(149,  150) 


(152-154) 

(91) 

(165-174) 


(125-128) 


(131) 


(134,  135) 


(147,  148) 


(155-161) 

(162-164) 

(175) 


cctgagactctaCCAAGGTCAgaaatgctgcaa 

gtaattgctgtaCGAAGGTCAgaatcgctacct 

agaacatcccttTTAAGGTCAgaacaaaggtat 


tggcatattgggTGAAGGTCAagggagtggctt 


gcgaggaaagcgTGAAGGTGAtttcagttaatt 


atgtttggtatgAAAAGGTCAcattttatattc 


ggtgctcccactTAGAGGTCAcgcgcggcg 


caaataatgggcTGAAGGTGAactatctttact 


acaggaaagcccCAAAGGACAgcagcaagagga 


aaaggaactttcCCAAGGTCAcagagctgagct 


aaaagaaaaaatTCAAGGTCCaggttatttcca 


tgaggagcatttGAAAGGTGCctgtctgcaaac 

ctgtcggcaggaACAAGGTCAccccttggcgtt 

ggtggacgctgcTGAAGGTGAgcgagaccccgg 


tcgcctcggctgTGACCTTCAgcgagccggagc 


gggagttcagggXAAAGGTCAcggggccggggc 


aaaattgttttgTCTAGGTCAtttgcattttca 

tccttgctaaacCCAAGGTCAtaaatcttttct 

tcctaaggactgTCAAGGTCAtcaaatacaagg 

tgtccattttctTCTAGGTCAaccccaatggta 

caaatttgaaacTAAAGGTCAcaggctgcttta 

cctcagagtggcTCAGGGTCAgagaaggtagag 

tgagagaaatgaTGAAGGTGAgatctgagacta 

tcccttccccctGCAAGGTCAcggtggccaccc 

gtaggacctggaTTAAGGTCAggttggaggaga 

gaagtgacttggXCAAGGTCAcacagctctcag 

ccagctccttcaGGCAGGACAcctgcgggggaa 


Table  2.  Potential  ERRa-binding  sites  located  in  the  transcriptional  regulatory  regions  of  genes 
implicated  in  breast  cancer.  lERRa-binding  sites  were  confirmed  using  EMSAs  as  shown  m  Fig.  9.  { 
Data  not  shown.  ND  (not  determined),  BRCA  (breast  and  ovarian  cancer  susceptibility  gene),  FGF 
(fibroblast  growth  factor),  IGF  (insulin-like  growth  factor),  IGFIR  (IGFl  receptor),  MEM2  (human  p53- 
binding  protein  murine  double  minute  2),  Prl  (prolactin),  RARa  (retinoic  acid  receptor  a),  TERT 
(telomerase  catalytic  subunit  gene). 
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Fig.  9.  EMS  As  showing  ERRa  binding  to  SFREs  located  in  the 
transcriptional  regulatory  regions  of  jgenes  implicated  in  breast  cancer  listed 
in  Table  2.  Whole-cell  extracts  of  COS  cells  transfected  with  pExpERRal 
(+)  or  mock-transfected  (-)  were  used  as  protein  sources. 
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Fig.  10.  GST  pull-down  assays  of  GST-ERRal  truncation 
variants  interacting  with  f  Sl-ERa.  GST-ERRal  variants 
were  expressed  and  purified  from  E.  coli.  [  S]-ERa  was 
synthesized  in  vitro  with  rabbit  reticulocyte  lysates. 
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Fig.  11.  Cornpetition  EMSAs  between  ERRal  and  ERa  for 
binding  a  vitERE  probe  DNA.  Lysates  of  COS  cells 
transfected  with  ERRal  and  ERa  expression  plasmids  were 
used  as  protein  sources. 
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